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ABSTRACT 
Gold nanorods have unique optical properties and various promising 
applications. Wet chemical synthesis of gold nanorods requires the use of cetyl 
trimethylammonium bromide (CTAB) as shape-directing surfactant, which form a bilayer 
on the surfaces of gold nanorods. CTAB bilayer stabilizes the nanorods against 
aggregation and has the ability to sequester organic molecules from aqueous bulk. 
CTAB molecules in the bilayer are held via weak hydrophobic forces and thus tend to 
desorb resulting in nanorods aggregation and toxicity to cultured cells. Herein, three 
surface-engineering approaches to enhance the colloidal physical stability and 
biocompatibility of gold nanorods have been examined: 1) electrostatic approach via 
overcoating with polyelectrolytes; 2) covalent approach via surfactant polymerization; 3) 
and hydrophobic approach via cholesterol insertion into the bilayer. 
Layer-by-layer coating has been used to overcoat CTAB-capped nanorods with 
both negatively and positively charged polyelectrolytes. Compared to CTAB-capped 
nanorods, polyelectrolyte-coated gold nanorods showed improved stability against 
aggregation in culture medium and enhanced biocompatibility to cultured cells. The 
toxicity of CTAB-capped gold nanorod solutions was assigned quantitatively to free 
CTAB molecules, where gold nanorods themselves were found not toxic. Similar 
biocompatibility profiles for both cationic and anionic coated-gold nanorods were 
observed due to spontaneous protein adsorption. In growth media, all examined 
nanorods were covered with protein corona and thus bear similar negative effective 
surface charge explaining their similar toxicity profiles. 
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Our covalent approach to stabilize the surfactant bilayer on the surface of gold 
nanorods relies on synthesizing a polymerizable version of the CTAB, which we have 
used to prepare gold nanoparticles (both spheres and rods). Surfactant polymerization 
on the surface of gold nanoparticles was found to retard surfactant desorption and thus 
enhance both stability against aggregation and biocombatibility of these nanomaterials. 
The hydrophobic approach to stabilize the CTAB bilayer on gold nanorods relies 
on using a bilayer-condensing agent such as cholesterol to increase the total 
hydrophobic interactions. Cholesterol is known to consist of up to 50% of mammalian 
cell membrane’s total lipids, and thus have important effect on their stability and 
physical properties. Using cholesterol-rich growth medium, we have prepared gold 
nanorods with excellent size and shape distribution. The prepared gold nanorods in the 
presence of cholesterol have a significantly higher surface charge and exhibit superior 
stability against aggregation compared to the nanorods prepared without cholesterol. 
In addition to the enhanced aqueous stability and biocompatibility, stabilization 
the CTAB bilayer on the surface of gold nanorods have allowed for suspension gold 
nanorods in organic solvents without aggregation. Polyelectrolyte-coated gold nanorods 
showed remarkable stability in polar organic solvents against aggregation as compared 
to CTAB-capped nanorods. The suspendability of coated-gold nanorods in polar organic 
solvents facilitates the incorporation of these nanomaterials into hydrophobic polymers 
and thus fabrication of thin films that contain uniform gold nanorod dispersions 
(nanocomposites). 
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CHAPTER 1 
INTRODUCTION AND DISSERTATION OVERVIEW  
 
1.1 Optical Properties and Applications of Gold Nanorods 
The scientific fame that gold nanoparticles acquired is due to the unique 
interaction of these nanomaterial with light.1-4 When gold nanoparticles are irradiated 
with light that has the proper frequency, the electrons in the conduction band of the 
metal will be excited and thus oscillate in response to the oscillating electrical vector of 
light.5 When the frequency of the incident light matches the frequency of the oscillating 
electrons, large optical extinction is observed (both optical absorption and scattering).5-7 
The resonance condition is termed as the localized surface plasmon resonance (LSPR) 
and depends on the nanoparticle properties such as size, shape, and metal type.3,7 For 
gold, LSPR occurs in the visible-near infrared region of the spectrum explaining the 
visual color for gold nanoparticle.1,4,6,8 
Gold nanoparticles have been known since Roman times and were used to stain 
glass windows as a powerful colorant.6 Significant understanding to their optical 
properties was achieved after Mie theory. 9 By solving Maxwell’s equation, Mie provided 
a theoretical framework to describe the optical absorption/scattering from small 
spherical nanoparticles upon interaction with light as a function of the size, light 
wavelength, dielectric constants of both the medium and the metallic core.9 After Mie 
theory, tremendous contribution to understand the light-gold interaction at the nanoscale 
was added to the field at both theoretical and experimental levels.1,3,4,7,9 
%!!
Spherical gold nanoparticles were the first to be rationally prepared; the solutions 
prepared by Faraday are still on display in London.10 Recently, the “anisotropic” shapes 
of gold nanoparticles have been objects of current research interest due to the superior 
optical properties over the spherical counterparts. The most studied anisotropic gold 
nanoparticles include nanorods,1,4,7,8 nanocubes,11 and nanoshells.12 The research 
included in this dissertation focuses on gold nanorods. 
As was first realized by Gans in 1915, the optical properties of the gold nanorods 
are different from the spherical counterparts.9 As we described earlier in this section, 
irradiation of gold nanoparticles with light at the proper frequency will induce coherent 
oscillation of the electrons in the conduction band of the metal (LSPR). While we expect 
one type of plasmon oscillation for spherical nanoparticle, the rod-shape particle has 
two types of oscillations along each axis (Figure 1.1). The oscillation along the short 
axis occurs at shorter wavelength (~520 nm) and results in the so-called transverse 
plasmon peak; where is the oscillation along the longer axis occurs at longer 
wavelength and results in the so-called longitudinal plasmon peak (Figure 1.1). The 
longitudinal peak is tunable in the Vis-NIR region of the spectra and it is much more 
sensitive to changes in shape, size, refractive index of the medium, and aggregation 
state of the nanorods.4,7,8 The tunability and sensitivity of the longitudinal peak open  
various applications in the field of sensing, imaging, and therapeutics.1,6,13,14  
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Figure 1.1. Illustration of the localized surface plasmon resonance of spherical (left panel) and rod-shape (right panel) 
nanoparticles and the resulted plasmon peaks in their UV-Vis spectra. 
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Gold nanorods are excellent absorber/scattered in the Vis-NIR region of the 
spectra.7 The molar extinction coefficient is at least four orders of magnitude larger than 
any organic chromophore known as they have an extinction cross-section in the order of 
109 (M-1.cm-1).15 The peak maximum of the longitudinal plasmon peak depends on the 
aspect (length to width) ratio of the rods, dielectric constant of the surrounding medium, 
and the aggregation state of the nanorods.6 The last two factors were employed to 
develop several sensing platforms, Figure 1.2.6 For example, adsorption of the desired 
analyte on the surface of gold nanorods could induce a change in the dielectric constant 
of the surroundings and thus result in a shift in the UV-Vis spectra of the gold nanorods 
solution as a response.6 Another example is the ability of functionalized nanorods to 
aggregate or de-aggregate in the presence of the desired analyte resulting in changes 
in their UV-Vis spectra.6 
In addition to being excellent light scatterers, metallic nanoparticles enhance the 
light scattering of near-by molecules.5,6,16,17 When gold nanorods are irradiated with light 
that have the proper frequency to induce LSPR, the oscillating electrons in the 
conduction band induce an enhanced electrical field around the nanoparticles.6 Since 
the Raman scattering is a function of the electrical field, any molecule near by the 
nanoparticle surface will experience an enhanced Raman scattering.5,18 This 
phenomenon is called surface enhanced Raman scattering and is a potent sensing 
platform toward single molecule detection, Figure 1.2.5,16,18 
During the localized surface plasmon oscillation, the exited electrons decay their 
energy in form of heat to the surrounding medium.1 Generated heat can be employed in 
many biomedical applications such as photothermal cancer therapy, Figure 1.2. 
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Figure 1.2. Illustration summarizes the physical events occur upon gold nanorods irradiation with light and the 
corresponding applications. 
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1.2 Synthesis of Gold Nanorods 
Recently, gold nanorods with their superior optical properties have attracted 
more research attention than the classical spherical shape. However, the preparation of 
anisotropic shape such as rod-shape is more difficult and relies on controlling the 
assembly of building units at the atomic level. To prepare gold nanorods, various 
synthetic routes have been reported such as the wet chemical seed-mediated 
synthesis, electrochemical synthesis, UV-photochemical reduction, lithographic 
fabrication, and template assessed synthesis.4,8,14,19 Among these methods, the wet 
chemical seed-mediated approach is the most popular and it is the method we adopt in 
conducting this research. 
As first described by Murphy et al, the wet chemical seed-mediated approach 
becomes a practical route to prepare gold nanorods considering water as the solvent, 
room temperature and open air as the synthesis conditions, and time scale of about two 
hours.4,8,20 The yield of this route (the percent of rod-shape nanoparticles) is high and 
usually more than 90%.20 Moreover, this method has the capability of controlling the 
dimension of the prepared nanorods by optimizing the ingredients concentration.4, 8 The 
method includes two steps; the first is to prepare CTAB-capped seeds (~1.5 nm) by 
reduction of gold salt with a strong reducing agent (NaBH4) in the presence of CTAB 
(Figure 1.3). The second step is to add the prepared seeds to “growth solution” which 
contains CTAB, gold salt (Au+3), ascorbic acid (mild reducing agent), and silver ions 
(Ag+1, shape-yield enhancer) to form nanorods.  
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Figure 1.3. Illustration of the wet chemical seed mediated method to prepare gold 
nanorods. Two steps are involved: a) seeds preparation, b) seeding growth solution to 
form nanorods. The photograph in the illustration contains gold nanorod solutions with 
increasing aspect ratio (length/width) from left to right. The electron transmission 
microscopy image in the illustration is for selected nanorod solution with aspect ratio of 
4. 
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The wet chemical seed-mediated method to prepare gold nanorods is very 
sensitive to alteration in ingredients and their concentrations.4,8,21 For example, using 
the same ingredients with changing the relative concentration has been used to prepare 
multi-shape gold nanostructures such as rod-, rectangle-, hexagon-, cube-, triangle-, 
and starlike nanoparticles.21 CTAB is essential to form rods and its structure, 
concentration, and purity are important variables affecting nanorod formation and 
growth process.22-24 The silver ions in low concentrations (micromolar) are essential to 
obtain high yield of rod-shape particles.15 Indeed, the dimensions of gold nanorods are 
a function of silver ions concentration (Figure 1.4). In addition to the importance of all 
the mentioned ingredients, the quality and the amount of the seeds are also very 
important to be optimized.25  
Insights into the growth mechanism of gold nanorods in the presence of silver 
ions were obtained from carful characterization of the used CTAB-capped seeds and 
the prepared nanorods (the final product).15,25 High-resolution transmission electron 
microscopic analysis have proposed that the CTAB-capped seeds are single crystal.25 
Moreover, the prepared gold nanorods were found to be also single crystal with two 
facets: {100} at the ends and {110} at the sides.25 Inductively coupled plasma mass 
spectrometry of purified gold nanorods confirmed the presence of silver and theoretical 
calculation estimated that silver surface coverage is up to 4 monolayers.15 Based on 
these observations, the following mechanism was proposed for gold nanorod formation: 
silver ions are reduced on the surface of the seeds to Ag0 (under potential deposition, 
UPD).  The rate of silver UPD at the {110} facets is higher compared to {100} facets, 
promoting the overall growth in one direction (Figure 1.5).15 Silver deposition is followed 
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by strong CTAB binding to the silver-passivated surfaces, which further prevent the 
deposition of gold on the sides, and leaving the growth at the ends (Figure 1.5).15,25 
 
 
 
Figure 1.4. UV-Vis spectra, electron transmission microscopy images, and photographs 
of gold nanorod solutions of different aspect ratio prepared using the wet chemical 
seed-mediated method with different silver ions concentration. Aspect ratio from left to 
right: 1, 2.1, 3.2, 4.1, and 5.2. All scale bars=100 nm.  
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Figure 1.5. Illustration demonstrates the mechanism of gold nanorod growth prepared 
using the wet chemical seed mediated approach in the presence of silver ions. Fast 
reduction of silver ions at {110} facet of the seed crystal followed by CTAB binding to 
the same facet block the growth at the side of the nanorod and promotes the growth in 
one direction. Slow silver deposition at the {100} facet results in growth termination. 
 
 
 
 
 
 
 
 
 
&&""
1.3 Surfactant Bilayer on the Surface of Gold Nanorods 
 
As we mentioned in section 1.2, CTAB is an essential ingredient to form gold 
nanorods, acting as a shape-directing surfactant during the process of nanorod 
formation.8 CTAB is a surfactant with a long hydrophobic tail (16 carbons) and a cationic 
hydrophilic head group (quaternary ammonium bromide). CTAB molecules form a 
bilayer on the surface of the gold nanorods to decrease the surface energy and stabilize 
the gold nanorods against aggregation via electrostatic repulsion in aqueous medium.21, 
26 The formation of the bilayer is energetically favored since it minimizes the exposure of 
the surfactant hydrophobic tails to the aqueous interface (Figure 1.6). 21,26 El-Sayed and 
Murphy provided complementary evidences for the formation of CTAB bilayer on the 
surface of gold nanorods using Fourier transform infrared spectroscopy (FTIR), 
thermogravimetric analysis (TGA), and zeta potential analysis.21,26 CTAB molecules in 
the bilayer assembly are held by van der Waals forces and thus can be desorbed from 
the bilayer to the bulk resulting in a decrease in the surface charge of the nanoparticles 
and thus nanorod aggregation.19,27,28 CTAB molecules also are toxic to cells and known 
to disrupt cellular membranes.29 With this in mind, research efforts to stabilize the CTAB 
bilayer on the surface of gold nanorods will improve the stability and biocompatibility of 
nanorods. Chapters 3-7 summarize our efforts to stabilize the CTAB bilayer on gold 
nanorods towards enhanced stability and biocompatibility of these nanomaterials.  
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Figure 1.6. Cartoon demonstrates the CTAB bilayer on the surface of gold nanorods 
and the chemical structure of the CTAB molecule (cetyltrimethylammonium bromide).
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1.4 Gold Nanorod-Cell Interactions  
 
Due to the unique optical properties and promising applications of gold nanorods, 
they are widely used and now commercially available from several different chemical 
companies. Understanding the nanoparticle-cell interaction provides a scientific platform 
to understand the fate of nanomaterials in biological systems and evaluate their 
potential toxicity.30-32 Moreover, it is essential to understand how and how many of 
these nanomaterials enter cells as a function of their properties such as size, shape, 
and surface chemistry.29,33,34 In addition to obtain insight into their toxicity, uptake 
information could be helpful to engineer efficient drug delivery vehicles. Comprehensive 
biocompatibility evaluation of nanomaterials includes studies at both cellular (in vitro) 
and whole organism (in vivo) levels. In vitro toxicity assessment, meaning in cell culture, 
is the primary form of biocompatibility assessment of nanoparticles due to the low cost, 
short time, and ease of handling.30 These studies provide fundamental understanding to 
the nano-cell interactions and include assays similar to those used in drug development 
screening. This section is focused to discuss the in vitro toxicological results available in 
the literature. 
 To evaluate the impact of nanoparticle exposure on cells, many assays used to 
measure the cellular impact of a drug can also be applied.35 Viability assays assess the 
overall dose-dependent toxicity of nanoparticles on cultured cells, looking for cell 
survival and proliferation after nanoparticle exposure.   One common viability assay is 
the LDH assay, which is a colorimetric assay measuring the release of lactate 
dehydrogenase (LDH) into the culture media as an indicator of cellular membrane 
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disruption.35 MTT assay is a viability metabolic assay considered the “gold standard” for 
cytotoxicity evaluations, which is a colorimetric assay that measures the enzymatic 
activity of cellular mitochondria. Beyond these viability assays, many standard assays 
for other indicators are generally available as commercial kits. These include reactive 
oxygen species (ROS) assays to monitoring oxidative stress and real-time polymerase 
chain reaction amplification and DNA micro-array analysis to evaluate gene 
expression.34-36  
To measure cellular response is one task; to measure how many nanorods are 
actually taken up by cells, and where they are localized within the cell, and what 
happens to the nanorods over time, is quite another. To qualitatively measure cellular 
uptake, gold nanorods can be visualized in microtomed cell slices after exposure by 
transmission electron microscopy, which takes advantage of the high electron density of 
gold nanorods.29,34,35 Dark field optical microscopy can be performed on living cells to 
visualize the location of gold nanorods (within the diffraction limits of the instrument, 
typically ~200 nm), which takes advantage of the elastic light scattering properties of the 
gold nanoparticles from the plasmon bands.37,38 Fluorescence microscopy can be used 
with living cells, if fluorescent dyes are conjugated to the nanorods (but special care 
should be taken to minimize quenching by the gold core).39 These techniques, however, 
are semi-quantitative at best. Quantification of gold nanoparticle uptake by cells is best 
performed by a technique that has high specificity and low limits of detection such as 
inductively-coupled plasma mass spectrometry (ICP-MS).35 ICP-MS has excellent limits 
of detection (18 parts per trillion for gold) and can be applied to quantify the cellular 
uptake by digesting the cells with strong acid.29 While ICP-MS is an excellent 
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quantitative tool, it is a destructive technique, and cannot differentiate between 
nanoparticles adsorbed to the surface of the cell and internalized into cells. Treatment 
of cells with heparin sulfate before analyzing the cells can be used to desorb surface-
adsorbed nanoparticles, assuming that heparin sulfate polymer has a higher binding 
affinity to the cellular surface to displace surface-bound gold nanoparticles.40 Another 
approach is to selectively etch the gold nanoparticles on the surface of the cells, as was 
demonstrated by Cho et al using solutions of I2 and KI.41 ICP-MS analysis combined 
with I2/KI etching was used to quantify the number of gold nanoparticles both “on” and 
“in” the cells.41  
It has been proven experimentally that gold nanorods can enter mammalian 
cells.29,34,38 As we will detail in Chapter 3, we have studied the uptake of gold nanorods 
by mammalian cells as function of surface charge using cationic and anionic gold 
nanorods prepared by polyelectrolyte layer by layer overcoating approach.29 We found 
that surface chemistry (and not simply the charge) of gold nanorods is important factor 
dictating the uptake of the nanorods by the studied cell line (colon cancer cell line, 
HT29).29 Different surface chemistry/charge of the nanoparticles can results in different 
protein corona on the surface of the nanorods and thus different protein mediated 
uptake.42-46The uptake of gold nanorods by cells can be controlled by surface 
modification with anti-fouling molecules such as thiolated polyethylene glycol (PEG-
SH).52 It has been shown that surface modification with PEG is an effective approach to 
decrease non-specific proteins adsorption to the nanorods and decrease their cellular 
uptake.52 It is well known that nanoparticle size is a very important factor controlling their 
cellular uptake, as usually demonstrated using spherical nanoparticles.33, 39 Chan and 
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co-workers showed that the uptake of gold nanorods is size dependent and decreases 
with increasing the aspect ratio (length/width).33 
Little is known about how gold nanorods enter cells. However, it is generally 
accepted that larger particles (> 500 nm) enter cells via phagocytosis mechanism and 
receptor mediated endocytosis (REM) is suggested as the primary mechanism of cell 
uptake for nanoparticles with dimensions less than 100 nm.48 The available data 
addressing the mechanism of nanoparticles uptake in general is a point of debate at the 
present time. Chan and co-workers studied the uptake of transferrin-functionalized gold 
nanorods and they found that clatherine-mediated endocytosis is the operating 
mechanism.39 However, with the limited available data, we cannot generalize specific 
mechanism for gold nanorods uptake by cells since it most probably dependent on the 
surface modification, dose, and cell line.30  
Understanding the intracellular distribution of gold nanorods is fundamentally 
important. As we will detail in Chapter 3, it was found that gold nanorods enter cells and 
get entrapped in vesicles but did not enter the nucleus.29, 34 However, El-Sayed and co-
workers demonstrated the ability of gold nanorods to enter the cellular nucleus if they 
are functionalized with nuclear targeting agents.38 
Gold core is considered as “non-toxic” material according to many studies in the 
literature.49 While there is a general acceptance to this notation; we cannot generalize it 
for gold nanorod solutions. Gold nanorod solution contains at least two components: 1) 
gold nanorods covered with CTAB bilayer, 2) left over or desorbed reagents (such as 
free CTAB molecules). Preparing gold nanorods using a standard seed-mediated 
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approach requires the use CTAB,8,20 which is alone quite toxic to cells at sub-
micromolar dose.29 Free CTAB molecules in gold nanoparticle solutions can originate 
from inadequate purification or desorption of surfactant from the surface of the 
nanorods. We quantitatively confirmed that free CTAB molecules in gold nanorod 
solutions are responsible for their apparent toxicity, and not the rods themselves, by 
comparing the toxicity of the “whole” gold nanorod solution and its supernatant after 
centrifugation to remove the nanorods.29 The toxicity of the supernatant (which contains 
no nanorods) was found to be similar to the whole gold nanorod solution even at 
maximum purification.29 Furthermore, the CTAB level in the supernatant, as measured 
by liquid chromatography/mass spectrometry, was found to be similar to the required 
dose to reduce the viability to the observed values.29 These results strongly highlight the 
importance of comparing the supernatant toxicity with the original nanoparticle solution 
as a valuable control experiment to understand the origin of the nanoparticles toxicity: 
are the nanoparticles themselves toxic, or are the surrounding chemicals responsible for 
apparent toxicity? 
Knowledge of the origin of nanoparticle toxicity allows chemists to design 
solutions to mitigate the toxicity. Since we know that the CTAB is the toxic substance, 
any modification to prevent CTAB molecules desorption from the bilayer is 
advantageous.27,28,34,50,51 Available approach is to exchange the CTAB molecule with 
more biocompatible molecules such as phospholipids or thiolated-PEG.50,52 . Table1.1 
and 1.2 summarize the available gold nanorods in vitro cytotoxicity and cellular uptake 
results respectively. 
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Table 1.1. Compilation of published results on the toxicity of gold nanorod solutions in vitro.
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Table 1.2. Compilation of published results on quantification of cellular uptake of gold nanorods in vitro. 
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1.5 Dissertation Overview 
Chapter 2 explores the ability of the CTAB bilayer on the surface of the gold 
nanorods to sequester hydrophobic molecules from the aqueous bulk. The partitioning 
of a model molecule (1-naphthol) into the CTAB bilayer was monitored by two 
independent analytical methods: UV-Vis spectroscopy and gas chromatography. The 
partitioning isotherm was determined and the partitioning parameters were extracted 
(equilibrium binding constant and maximum number of partitioned molecules per 
nanorod).  
In Chapter 3, the toxicity and cellular uptake of gold nanorod solutions as 
functions of dimensions and surface charge surface are discussed. Chapter 3 explores 
the origin of toxicity observed for “as-synthesized” gold nanorods (CTAB-capped gold 
nanorods), and provide a “electrostatic approach” to enhance the biocompatibility of 
gold nanorods by electrostatic assembly of polyelectrolytes on the surface of gold 
nanorods. Moreover, the interaction of gold nanorods with culture media is studied and 
the corresponding changes in the physical properties of the gold nanorods upon 
interaction are detailed. Chapter 3 also describes the cellular uptake of gold nanorods 
into cultured cells as function of their surface charge as monitored by transmission 
electron microscopy, dark field microscopy, and quantitatively by inductively-coupled 
plasma mass spectrometry. 
 Chapter 4 and 5 provide a “covalent approach” to stabilize CTAB bilayers on 
gold nanoparticles and thus to enhance their stability and biocompatibility. The 
described covalent approach implies preparing polymerizable surfactant, which was 
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used to prepared gold nanospheres using the seed-mediated method. For nanorods, 
the CTAB molecules on the surface of the nanorods were replaced by a polymerizable 
surfactant by cationic exchange. The polymerizable surfactants on the surface of gold 
nanoparticles (spheres and rods) were polymerized. On-particle polymerization retarded 
desorption of the toxic surfactant molecules and improved the stability and 
biocompatibility of gold nanoparticle. 
Cholesterol is a natural surfactant, which is found in cell membranes up to 50% 
of the total lipid to improve membrane’s stability and fluidity. Borrowing this idea from 
nature, Chapter 6 introduces the “hydrophobic approach” to stabilize gold nanorods 
using cholesterol as CTAB stabilizing agent. We were able to prepare gold nanorods 
with excellent shape and size control in the presence of high concentration of 
cholesterol. Gold nanorods prepared in the presence of cholesterol showed higher 
surface charge and enhanced stability compared to controls.  
Chapter 7 explores the ability of surface modification to transfer gold nanorods 
from the aqueous medium to a wide range of organic solvents without aggregation. We 
show that the layer-by-layer coating with polyelectrolytes is a simple and an efficient 
approach to suspend gold nanorods in organic solvents. Starting with polyelectrolyte-
coated gold nanorods in organic solvents, the uniform incorporation of coated-gold 
nanorods in different hydrophobic polymer matrices has been shown.   
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CHAPTER 2 
GOLD NANORODS AS NANOADMICELLES: 1-NAPHTHOL PARTITIONING INTO A 
NANOROD-BOUND SURFACTANT BILAYER* 
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2.2 Introduction 
Gold nanorods have attracted enormous research interest for their unique optical 
properties and promising biomedical applications from medical diagnosis to drug 
delivery.1-3 In our group we have developed synthetic methods that use 
cetyltrimethylammonium bromide (CTAB) as a structure-directing agent to control the 
aspect ratio (length to width ratio) of gold nanorods.4 As we mentioned in chapter 1, 
CTAB forms bilayers on the gold nanorods,5 as first reported by El-Sayed and co-
workers.6 The bilayer is chemisorbed to the gold and is more tightly bound to nanorods   
*  Reproduced with permission from: Alaaldin M. Alkilany, Rebecca L. Frey, John L. 
Ferry, and Catherine J. Murphy. Langmuir 2008, 24, 10235-10239. Copyright 2008 
American Chemical Society. 
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compared to nanospheres.6  This bilayer renders the gold nanorods not only highly 
charged, and thus stable and soluble in aqueous media, but also provides a ~3 nm thick 
hydrophobic region near the metal surface due to the interdigitated 16-carbon tails of 
CTAB.5,6 Since the CTAB bilayer is adsorbed on a solid surface, this system can be 
considered as an “admicelle;”7 micelles are surfactant aggregates in bulk solution where 
as admicelles are surfactant aggregates on solid structures.7 
The presence of the hydrophobic core of the CTAB bilayer on the gold nanorods 
provides an excellent site for the uptake of water-insoluble molecules from the aqueous 
bulk. Partitioning of organic molecules into microscale admicelles has been reported in 
the literature.8-13 Examples include partitioning of 1-naphthol and naphthalene into 
admicelles of CTAB on precipitated silica particles,8 and partitioning of 2-naphthol and 
pyrrole into admicelles of sodium dodecyl sulfate on alumina.9 It was found that 
admicelles have a similar ability to partition organic molecules compared to micelles.13 
Admicelles can be used to improve surface coating procedures.9,11,14 For example, 
styrene adsolubilization into admicelles of CTAB on cotton followed by polymerization 
was successfully employed to form a thin polystyrene coating on the cotton fibers to 
make them water-repellant.14 Using the same approach we successfully coated gold 
nanorods with polystyrene to tailor its surface hydrophobicity.15  
Gold nanorods have unique optical properties that can be employed to detect 
adsorption of small molecules.1,16,17  Gold nanorods have two distinct extinction peaks in 
the visible/near-infrared region of the electromagnetic spectrum that correspond to the 
transverse (short axis) and longitudinal (long axis) plasmon bands of the metal 
nanoparticle.17 The longitudinal peak is particularly sensitive to changes in the dielectric 
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constant around the gold nanoparticles.17 This phenomenon could, in principle, provide 
a sensitive method to monitor the partitioning of molecules into the CTAB bilayer of the 
gold nanorods from the aqueous bulk, if a large enough overall contrast in dielectric 
constant was achieved.   Other workers have been able to detect molecules taken up by 
metal nanoparticles directly using surface-enhanced Raman scattering (SERS), which 
relies on the enormous increase in Raman cross-section of molecular vibrations by 
proximity to a nanoscale metal surface.1,3 In one such study, van Duyne and co-workers 
used a self-assembled monolayer of (1-mercaoptoundeca-11-yl)tri(ethylene glycol) on 
silver and gold nanostructures to concentrate glucose from aqueous solution onto the 
surface, with glucose detection based on its SERS signal.18 
  In this chapter, we explore the partitioning of 1-naphthol as a model hydrophobic 
molecule into the CTAB bilayer of gold nanorods, monitored by both UV-Vis 
spectroscopy and gas chromatography/flame ionization detection (GC/FID).  These 
techniques enable quantitation of the equilibrium constant for binding, as well as the 
maximum number of adsorbed 1-naphthol molecules per nanorod.  The uptake of 
organic molecules from the bulk aqueous phase by nanomaterials is a little-explored 
phenomenon that has useful implications for both biomedical and environmental 
applications of these new materials. 
 
2.3 Experimental Section 
2.3.1 Materials. Chloroauric acid (HAuCl4 .3H2O, 99.9%), sodium borohydride (NaBH4, 
99%), silver nitrate (AgNO3, 99+%) and ascorbic acid (99+%) were obtained from 
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Aldrich and used as received. Cetyltrimethylammonium bromide (CTAB, 99%, Sigma 
Ultra) was obtained from Sigma Chemicals and used as received.  1-Naphthol, 99+%, 
was used as received from Fluka and naphthalene crystals were used as received from 
Fisher Scientific Company.   Spectrophotometic grade hexanes were purchased from 
Mallinckrodt Chemicals.  All solutions were prepared with 18 M! deionized water.  
Teflon vials (3 mL) were purchased from Salvillex, USA.  Glassware was cleaned with 
aqua regia and rinsed thoroughly with 18 MΩ deionized water. 
2.3.2 Instrumentations. Absorption spectra were taken on a CARY 500 Scan UV-Vis-
NIR spectrophotometer. Transmission electron microscopy (TEM) data were obtained 
with a Hitachi H-8000 electron microscope operating at 200 kV. TEM grids were 
prepared by dropcasting 7 µL of the purified gold nanorod solution on the TEM grids 
and allowing them to dry in air. FTIR spectra of drop-dried samples were collected in 
reflectance mode with a Nexus Thermo-Nicolet 470 series FTIR instrument coupled with 
a Thermo-Nicolet continuum FTIR microscope.  The samples were prepared by placing 
a few drops of the gold nanorods solution on Si (111) wafers and drying in a covered 
Petri dish.  FTIR spectra were recorded over 128 scans of each sample with a 
resolution of 4 cm-1 and the background spectra were automatically subtracted. Zeta 
potential measurements were performed on a Brookhaven Zeta PALS instrument.  A 
micro centrifuge (Eppendorf model 5418, Fisher-Thermo Electron) and a LabQuake® 
shaker (model C4152110, Barnstead-Thermolyne, Dubuque, IA) were used in gold 
nanorod synthesis and purification as detailed below. Gas chromatography quantitation 
of 1-naphthol was performed on a Hewlett Packard 5890 Series II Plus gas 
chromatograph coupled with a flame ionization detection (FID) system, with an internal 
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naphthalene standard. The GC was equipped with a Hewlett Packard 7673 GC/SFC 
autosampler. The GC column was a Restek 30 m DB-5 with 0.25 mm internal diameter 
and 0.25 µm film thickness.  Helium carrier gas flow was constant at 1.2 mL/min.  The 
injection port temperature was 250 oC.  The oven temperature was initially 100 oC, 
increased to 180 oC at a rate of 10 oC/min, then increased to 300 oC at a rate of 15 
oC/min and isothermally for 5 min. 
2.3.3 Gold Nanorod Synthesis. Gold nanorods (length 62 ± 8 nm, width 15 ± 4 nm) 
were synthesized as previously described.4a A solution 2.5 x 10-4 M HAuCl4 was 
prepared in 0.1 M CTAB.  600 mL of 10 mM NaBH4 were added at 0 oC  and stirred for 
10 min.  The resulting seed nanoparticles were used in the synthesis of gold nanorods. 
Briefly, the following aqueous solutions were added to a 125 mL conical flask, in the 
following order: 95 mL 0.1 M CTAB solution, 1 mL 10 mM silver nitrate solution, 5 mL 10 
mM chloroauric acid. To this solution 0.5 mL of 0.1 M ascorbic acid was added with 
gentle mixing. Finally 0.12 mL of seed solution was added and the entire solution was 
mixed and left undisturbed overnight (14-16 hrs). The brown-colored gold nanorod 
solution was purified by centrifugation to remove excess CTAB (twice at 14000 rpm, 3 
minutes each).   The zeta potential of the purified gold nanorods was +30.1 ± 2.5 (mean 
and standard deviation from five independent batches); the similar effective surface 
charge from multiple preparations suggests that the quantity of bound CTAB is 
reasonably constant, give the distribution in particle dimensions. 
2.3.4 Partitioning Kinetic Study. Into a 6 mL Teflon vial, 3.2 mL of purified gold 
nanorod solution (0.5 nM in particles) was placed, and 100 mL of a 1-naphthol stock 
solution (60 mg/L) were added. The final volume was brought to 4 mL by adding ultra 
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pure deionized water. Control vials were prepared identically, except by replacing the 
gold nanorod solution with an equivalent volume of ultra pure deionized water. Both 
samples and controls were prepared at the same time and were shaken gently at room 
temperature. At different time points, 0.5 mL from both the gold nanorod solution and 
from the control solution were withdrawn and centrifuged for 5 min at 14000 rpm. The 
supernatants of the gold nanorod solutions and the controls were analyzed by UV-Vis 
spectroscopy to determine the concentration of 1-naphthol in the aqueous bulk as a 
function of time. 
2.3.5 Equilibrium Partitioning Experiments. All partitioning experiments were done at 
room temperature and at pH = 7.2.  Into a 3 mL Teflon vial, 800 µL of purified gold 
nanorod solution (0.5 nM in particles) was placed, and increasing volumes (10, 20, 40, 
60, 80, 125, 150, 175, 200 mL) of a 1-naphthol stock solution (60 mg/L) were added. 
The final volume was brought to 1 mL by adding deionized water. Control vials were 
prepared identically, except by replacing the gold nanorod solution with an equivalent 
volume of deionized water. It is important to mention here that we found that the type of 
vials was very important to prevent the adsorption of 1-naphthol molecules from the 
aqueous bulk to the vial walls. 1-naphthol adsorbed significantly on glass and 
polyethylene vials but not on Teflon vials (which were used in this study).  The control 
vials corrected for any 1-naphthol loss due to processing conditions. 
 Both samples and controls were prepared at the same time and were shaken 
gently for 24 hours at room temperature. After 24 hours, both samples and controls 
were centrifuged for 5 min at 14000 rpm to separate gold nanorods from the 
supernatant (for the controls, the centrifuging was done to expose the controls to the 
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same conditions as the samples). Sample supernatants and controls were analyzed 
using UV-Vis spectroscopy ("213 = 44,800 cm-1M-1 for 1-naphthol) and GC to determine 
the amount of aqueous 1-naphthol remaining in both samples and controls.  All 
partitioning experiments were performed in triplicate. The residual gold nanorod pellets 
were suspended in water, and their UV-Vis and IR spectra were acquired to directly 
interrogate the presence of 1-naphthol bound to CTAB-coated gold nanorods. 
2.3.6 GC/FID Sample Preparation. 600 #L of the aqueous 1-naphthol was withdrawn 
and placed in a 2 mL screwtop borosilicate vial.  600 mL of hexane were added and the 
mixture homogenized on a vortex mixer for 1 min.  The samples were allowed to 
separate and the hexane layer removed for analysis by GC/FID (vide supra).  Standards 
were prepared injecting known quantities of 1-naphthol into aqueous samples and then 
analyzed by the same procedure. 
 
2.4 Results and Discussion 
       Partitioning of organic molecules into spherical micelles or admicelles is a well-
known phenomenon.13 Since gold nanorods have a tightly-bound bilayer of surfactant 
covering them (mediated by chemisorbed bromide to the gold, with rather large van der 
Waals stabilization for the 16-carbon tail of CTAB compared to shorter tails),5,6,16,19  we 
were interested to investigate the ability of this rod-shape surfactant bilayer on the 
surface of gold nanorods to partition organic molecules from the aqueous bulk. Figure 
2.1 illustrates the structures of a micelle, an admicelle and the CTAB bilayer on a gold 
nanorod (not to scale).  
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Figure 2.1. Cartoon demonstrates the structure of micelle in solution (a), surfactant 
bilayer on surface (b, admicelle), surfactant bilayer on gold nanorod (c), and the 
partitioning of 1-naphthol into the CTAB bilayer (d). 
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 Since we can separate the gold nanorods easily by centrifugation, we used a 
simple methodology to monitor the partitioning, in which we added known total amounts 
of 1-naphthol to solutions of gold nanorods at a known concentration, and mixed the 
final solution to reach equilibrium. Then, the solution was centrifuged to separate the 
gold nanorods carrying bound 1-naphthol. The supernatant was analyzed for free 1-
naphthol and compared with control solutions which had the same initial 1-naphthol 
concentrations and were placed in the same type of vials, but without gold nanorods. 
 The concentration of 1-naphthol partitioned into the CTAB bilayer (Cbound) was 
determined by subtracting the concentration of the 1-naphthol in the sample 
supernatent (Cfree) from the concentration of 1-naphthol in the control vial (Ccontrol): 
Cbound = Ccontrol - Cfree , (Equation 2.1). The difference between the 1-naphthol amount in 
the gold nanorod supernatant and its corresponding control is the amount of 1-naphthol 
bound to the nanorods.  The use of control vials takes into account any adsorption of 1-
naphthol from water onto the walls of the vials (which was significant for glass and 
polyethylene vials). 
 Figure 2.2 shows the TEM images of gold nanorods in this study (length 62 ± 8 
nm, width 15 ± 4 nm).  The high positive effective surface charge (zeta potential = +30 
mV) is the result of adsorbed bilayer of the quaternary ammonium surfactant, CTAB.5,6 
Ultraviolet-visible (UV-Vis) spectroscopy was chosen as the primary analytical 
technique to measure 1-naphthol concentration, as it suffers from far less interference 
than fluorescence detection in our case (gold nanorods quench bound 1-naphthol 
fluorescence but free CTAB enhances it).20 The absorption spectrum of 1-naphthol 
shows two peaks at 213 and 294 nm and a shoulder at 229 nm. The absorbance at 213  
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Figure 2.2. Transmission electron micrograph of gold nanorods used in this study with aspect ratio 4 (length 62 ± 8 nm, 
width 15 ± 4 nm). Scale bar = 100 nm. 
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nm was used to determine the concentration of 1-naphthol (we measured the extinction 
coefficient to be 44,800 cm-1M-1 at 213 nm).  In our experiments, the gold nanorod 
concentrations were kept constant at 0.5 nM  (in particles, not Au atoms). 
 A kinetic study was performed to determine the time required for the uptake of 1-
naphthol by the gold nanorods to reach equilibrium. Figure 2.3 shows the concentration 
of 1-naphthol in the aqueous bulk to the initial 1-naphthol concentration (C/C0) as a 
function of time. The data suggest that a minimum time of 5 hours is necessary to reach 
equilibrium, but in all our experiments we waited 24 hours to ensure equilibration. Figure 
2.4 shows representative UV-Vis spectra of a gold nanorod supernatant sample and its 
control after 24 h equilibration time. The difference in the absorbance between the 
sample and its corresponding control is due to the uptake of 1-naphthol by gold 
nanorods (Cbound). Plotting the concentration of free 1-naphthol versus the concentration 
on bound 1-naphthol gives an adsorption isotherm for 1-naphthol to CTAB-coated gold 
nanorods (Figure 2.5).  The partitioning isotherm shows an increase in bound 1-
naphthol concentration with increasing free 1-naphthol concentration in the bulk. This 
increase reaches a plateau indicating the saturation of partitioning sites on the gold 
nanorods. The data was found to fit Langmuir adsorption isotherm, expressed here in 
terms of free and bound adsorbate concentrations rather than the proportion of surface 
sites filled:21 
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Figure 2.3. Kinetic study of 1-naphthol partitioning into CTAB bilayer on gold nanorods. 
The vertical axis is the ratio of 1-naphthol concentration in the aqueous bulk at given 
time point to the initial concentration of 1-naphthol in the bulk (C/C0).  
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Figure 2.4. UV-Vis spectra of 1-naphthol in a representative sample supernatant 
(dashed line) after 24 hours of exposure to 0.5 nM gold nanorods and subsequent 
purification, and its corresponding control (solid line). The initial 1-naphthol 
concentration in both samples was 16.6 !g/L.  
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Figure 2.5. Partitioning isotherm of 1-naphthol into the CTAB bilayer on gold nanorods. 
Nanorod concentration is 0.5 nM in particles. Cfree is the concentration of 1-naphthol 
free in the aqueous phase after 24 hours of exposure and subsequent purification. 
Cbound is the concentration of 1-naphthol bound to the gold nanorods calculated from 
Equation 2.1.  
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which can be rearranged to 
 
where Cbound is the molar concentration of bound 1-naphthol to the gold nanorods, 
obtained by difference from free and controls; Cfree is the molar concentration of leftover 
free 1-naphthol in the aqueous bulk solution; Cmax is the maximum concentration of 1-
naphthol that can partition onto the CTAB-coated gold nanorods; and K is the 
equilibrium binding constant for the 1-naphthol/CTAB-coated gold nanorod interaction. 
 Figure 2.6 shows the double reciprocal plot of the isotherm data using Equation 
2.3.  A linear fit of the data resulted in a least-squares correlation coefficient of 0.99, 
suggesting that the Langmuir adsorption isotherm is a reasonable one to use.  The 
combination of the slope (1/(Cmax*K)) and intercept (1/Cmax) of yielded Cmax and K. In 
terms of the maximum number of 1-naphthol molecules bound per nanorod, we found 
Cmax to be 14.6±2.2 x 103 molecules/nanorod.  The equilibrium binding constant K was 
then calculated to be 1.97±0.79 x 104 M-1, which corresponds to a "G value of  -36 
kJ/mol, using "G = -RT ln K at T = 298 K. To confirm these results by an independent 
technique other than UV-Vis spectroscopy, both sample and control solutions were 
analyzed by GC/FID (Figure 2.7). The quantitation of 1-naphthol using these two 
analytical methods for each sample was in excellent agreement (Figure 2.8).   
Cbound   =  
Cmax.KCfree                                                                                                                
1+ KCfree 
Equation 2.2 
1 
Cbound 
= 1 + 1 Cmax Cmax.KCfree 
Equation 2.3 
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Figure 2.6. Double reciprocal plot of the isotherm data as described in Equation 2.3. 
The best fit line has an R2 = 0.99  
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Figure 2.7. Gas chromatography/flame ionization detection (GC/FID) chromatogram of naphthalene (internal standard) 
and 1-naphthol (analyte) elution. Naphthalene elutes at 7.6 minutes and 1-naphthol at 12.2 minutes. 
$%&'('%)*+*#
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Figure 2.8. The correlation of UV-Vis and GC/FID for the detection of 1-naphthol concentration in controls (left) and 
samples (right). 
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 These values we obtained for Cmax and K are reasonable; It has previously found 
that a small protein, trypsin (diameter ~2 nm), bound to polymer-overcoated gold 
nanorods had 7-11 x 103 trypsins/nanorod depending on the surface chemistry 
attachment procedure.22 The !G value for 1-naphthol uptake into the CTAB bilayer is 
consistent with multiple favorable London dispersion interactions (typically 2-10 
kJ/mol).23 
          Kitiyanan et al reported a ratio of adsolubilized styrene to adsorbed CTAB on 
precipitated silica particles of 1.7:1.10   To recast our results in their format, we 
considered the area occupied by a CTAB headgroup to be 0.64 nm2; assuming full 
surface coverage on the 15 nm x 62 nm nanorods, the total number of CTAB molecules 
on one gold nanorod is ~9 x103. From our Cmax of 14.6±2.2 x 103 molecules/nanorod, 
we calculate the ratio of adsolubilized 1-naphthol to adsorbed CTAB on gold nanorods 
to be 1.6:1.  This excellent agreement provides more confirmatory evidence that CTAB-
coated nanomaterials can take up a surprisingly high number of organic molecules from 
the bulk aqueous phase. 
  The optical properties of gold nanorods can be highly sensitive to the surrounding 
environment. Changing the dielectric constant around the gold nanorods results in shifts 
of the plasmon bands, measured by UV-Vis spectroscopy.1,3,15-17 This phenomenon can 
be used to qualitatively monitor partitioning or adsorption of molecules to gold 
nanoparticles. Figure 2.9 shows the UV-Vis spectra of the purified gold nanorods after 
1-naphthol exposure, with a red shift of the longitudinal peak compared to the initial 
spectrum (without exposure to 1-naphthol molecules) of ~5 nm. This red shift supports 
the presence of a modified chemical environment near the gold nanorods.  
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 FTIR spectra can also be used to infer the presence of molecules bound to gold 
nanorods.4a  FTIR spectra of gold nanorods before and after 1-naphthol partitioning 
were acquired for comparison. Figure 2.10 shows the FTIR data for pure 1-naphthol, a 
gold nanorod control, and a gold nanorod sample exposed to 1-naphthol and then 
purified (and so with bound 1-naphthol). The O-H stretching of the 1-naphthol appears 
in both 1-naphthol and in the gold nanorods exposed to 1-naphthol, but not in the gold 
nanorod control. This data also supports the presence of 1-naphthol molecules bound to 
the gold nanorods. 
 
2.5 Conclusions 
  The model hydrophobic molecule 1-naphthol can partition into the CTAB bilayer on 
gold nanorods. The adsorption isotherm of 1-naphthol partitioning into the CTAB bilayer 
on gold nanorods fits the Langmuir model. The maximum number of partitioned 1-
naphthol molecules is 14.6±2.2x103 molecules per gold nanorod, with an equilibrium-
binding constant of 1.97±0.79 x 104 M-1 at room temperature. After partitioning, the 
longitudinal peak in UV-Vis spectra of the gold nanorods was red-shifted, suggesting a 
local change in the refractive index around of the gold nanorods, which could be 
consistent with the accumulation of 1-naphthol in the CTAB bilayer. These results imply 
that the ability of the CTAB bilayer on gold nanorods to uptake hydrophobic molecules 
from bulk aqueous solution cannot be neglected, even when the particle concentration 
is sub-nanomolar.  
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Figure 2.9. UV-Vis spectra of CTAB-capped gold nanorods before (dark blue) and after 
exposure to increasing concentration of 1-naphthol. 1-naphthol concentrations: 0.6, 1.2, 
2.4, 4.8, 9.6, and 12 µg/L for (a-f) respectively. The longitudinal plasmon peaks red-shift 
for all spectra compared to the control (~5 nm). 
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Figure 2.10. FTIR spectra of gold nanorods (top, blue), gold nanorods after exposure to 
1-naphthol (middle, red), and pure 1-naphthol (bottom, black). The vertical line indicates 
the OH vibration in 1-naphthol. 
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CHAPTER 3 
CELLULAR UPTAKE AND CYTOTOXICITY OF GOLD NANORODS: MOLECULAR 
ORIGIN OF CYTOTOXICITY AND SURFACE EFFECTS* 
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3.2 Introduction 
Gold nanomaterials have unique optical properties which make them highly 
attractive candidates for biomedical applications such as drug and gene delivery,1,2 
biological imaging,3-5 and cancer treatment.6,7 However, unintended biological or 
environmental consequences of nanomaterial exposure is an emerging issue.8 
Systematic studies attempting to delineate the influence of physiochemical properties  
______________________________________________________________________ 
*  Reproduced with permission from: Alaaldin M. Alkilany, Pratik K. Nagaria, Cole R. 
Hexel, Timothy J. Shaw, Catherine J. Murphy, and Michael D. Wyatt. Small 2009, 5, 
701-708. Copyright 2009 Wiley-VCH. 
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such as size, shape, effective surface charge, surface chemistry, and aggregation state 
of nanomaterials on their biological properties such as cellular uptake and cytotoxicity 
are appearing in the literature.9-11 There are reports that interpret cytotoxicity data in 
terms of the original physiochemical properties of the nanomaterials, for example net 
charge.11-16 However, cell culture media contains electrolytes that can aggregate 
nanomaterials and serum proteins that can adsorb to nanomaterial surfaces, rapidly 
changing the surface charge/chemistry and the original nanomaterial dimensions.17-19  
Here, we report that gold nanorods with well-defined dimensions and known 
initial surface chemistries 20,21 show more cytotoxicity than gold nanospheres at the 
same particle/cell concentrations in a human cancer cell line; and that molecular 
desorption or residual contamination of starting materials, rather than the nanorods 
themselves, is the major cause of cytotoxicity.  Importantly, we also show that the 
surface charge of the nanomaterials changes rapidly in media, likely due to the 
adsorption of serum proteins to the nanorod surfaces; we therefore believe that one 
possible mechanism of nanoparticles uptake is receptor-mediated endocytosis arising 
from cellular recognition of proteins from the media that have adsorbed onto the 
nanorods. 
 
3.3 Experimental Section 
3.3.1 Materials. Chloroauric acid (HAuCl4.3H2O, 99.9%), sodium borohydride (NaBH4, 
99%), silver nitrate (AgNO3, 99+%) , ascorbic acid (99+%), poly(alliamine 
hydrochloride), (PAH, MW ~ 15000 g/mole) and poly(acrylic acid, sodium salt) (PAA, 
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MW ~15000 g/mole) were obtained from Aldrich and used as received. 
Cetylltrimethylammonium bromide (CTAB, 99%, Sigma Ultra) was obtained from Sigma 
Chemicals and used as received.  All solutions were prepared with 18 MΩ deionized 
water.  Glassware was cleaned with aqua regia and rinsed thoroughly with 18 MΩ 
deionized water. Human adenocarcinoma HT-29 cells (ATCC,  Manassas, VA) were 
maintained in Dulbecco’s Modified Eagle Medium – DMEM (GIBCO, Invitrogen, 
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT) 
and 1% penicillin/streptomycin  (Hyclone) at 37 oC and 5% CO2 (Fisher Scientific). MTT 
(thiazolyl blue tetrazolium bromide) dye was purchased from Sigma. 
Standard solutions (1000 "g mL-1) of gold and iridium were purchased from High Purity 
Standards (Charleston, SC). Optima grade HCl, HNO3 were purchased from Thermo 
Fischer Scientific (Suwanee, GA).  
3.3.2 Instrumentations. Absorption spectra were taken on a CARY 500 Scan UV-Vis-
NIR spectrophotometer. Absorbance values for the MTT assay were collected on 
ELX808 Ultra microplate reader (Bio-tek, Winooski, VT). Transmission electron 
microscopy (TEM) data for gold nanoparticles were obtained with a Hitachi H-8000 
electron microscope operating at 200 kV. TEM grids were prepared by dropcasting the 
purified gold nanorod solution (7 "L) on the TEM grids and drying them in atmosphere.  
FTIR spectra of drop-dried samples were collected in reflectance mode with a Nexus 
Thermo-Nicolet 470 series FTIR instrument coupled with a Thermo-Nicolet continuum 
FTIR microscope.  The samples were prepared by placing a few drops of the gold 
nanorods solution on Si (111) wafers and drying in a covered Petri dish.  FTIR spectra 
were recorded over 128 scans of each sample with a resolution of 4 cm-1 and the 
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background spectra were automatically subtracted. Gold and silver ion concentrations in 
the supernatants were determined using Varian vista inductively coupled plasma atomic 
emission spectrometer (ICP-AES). All ICP-AES runs were carried out in triplicate.  Zeta 
potential and dynamic light scattering measurements were performed on a Brookhaven 
Zeta PALS instrument.  A micro centrifuge (Eppendorf model 5418, Fisher-Thermo 
Electron) was used in gold nanorod synthesis and purification as detailed below. Bright 
field microscope images were taken using Axiovert 40 Inverted transmitted-light 
microscope (Zeiss, Gottingen, Germany). Dark field images were obtained using Nikon 
Eclipse Model ME600L microscope. 
3.3.3 CTAB-Capped Gold Nanorods Synthesis. Gold nanorods were synthesized as 
previously described.20 A solution 2.5 x 10-4 M HAuCl4 was prepared in 0.1 M CTAB.  
NaBH4 (600 "L, 10 mM) at 0 oC was added to the gold/CTAB solution (10 mL) with 
vigorous stirring for 10 min.  The resulting seed nanoparticles were used in the 
synthesis of gold nanorods. Briefly, the following aqueous solutions were added to a 
125 mL conical flask, in the following order: CTAB solution (95 mL, 0.1 M), silver nitrate 
solution (0.1-1 mL, 10 mM; aspect ratio of the gold nanorod is controlled by varying 
silver nitrate concentration), chloroauric acid (5 mL, 10 mM). To this solution ascorbic 
acid (0.55 mL, 0.1 M) was added with gentle mixing. Finally seed solution (0.12 mL) 
was added and the entire solution was mixed and left undisturbed overnight (14-16 
hours). The brown-colored gold nanorod solution was purified by centrifugation to 
remove excess CTAB (twice at 14000 rpm, 3 min each). Attempts to remove CTAB by 
dialysis led to irreversible nanoparticle aggregation, unsuitable for the present work. 
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3.3.4 Coating Gold Nanorods with PAA.21 To purified CTAB-capped gold nanorod 
solution (1 mL), PAA solution (200µL, 10 mg/mL prepared in 10 mM NaCl solution) and 
NaCl solution (100 µL, 10 mM) were added simultaneously. The resulting solution was 
mixed gently for 30 minutes to allow for complete polymer coating. To get rid of the 
excess PAA polymer after coating, the coated gold nanorod solution was centrifuged for 
3 min at 14000 rpm. The pellet was re-suspended in DI water for further study. 
3.3.5 Coating Gold Nanorods with PAH.21 To the purified PAA-coated gold nanorod 
solution (1 mL), PAH solution (200 µL, 10 mg/mL prepared in 10 mM NaCl solution) and 
NaCl solution (100 µL, 10 mM) were added simultaneously. The resulting solution was 
mixed gently for 30 min to allow for complete polymer coating. To get rid of the excess 
PAH polymer after coating, the coated gold nanorod solution was centrifuged for 3 min 
at 14000 rpm. The pellet was re-suspended in DI water for further study. 
3.3.6 Cell Viability and Growth Determination. Cell viability was measured using the 
MTT assay and cell growth was determined by cell counting following four days 
continuous exposure to the gold nanoparticles. For viability, exponentially growing cells 
were dispensed into a 96-well flat bottom plate at a concentration of 103 cells/well (100 
"L). After allowing 24 hours for cell attachment, gold nanoparticle solutions (i.e. gold 
nanorods, gold nanospheres) were diluted appropriately in fresh media and added (100 
µL), 6 wells per sample. The media was not changed during the incubation. Following 
four days incubation, cell viability was determined by the addition of MTT (20 µL, 5 
mg/ml dye in sterile PBS). The plate was incubated for an additional 5 hours at 37 oC 
and 5% CO2, allowing viable cells to convert the pale yellow MTT to an insoluble purple 
dye. The insoluble dye was collected by centrifugation at 300 g for 5 min. The media 
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was carefully removed and the collected dye was dissolved in dimethyl sulfoxide (200 
µL). Absorbance values at 595 nm were collected and cell viability was calculated as a 
percentage compared to untreated control cells. For cell growth experiments, 
exponentially growing HT-29 cells were seeded at a concentration of 2 x 104 cells/ml in 
24-well dishes with 1ml of growth media per well. The dishes were incubated at 37 oC 
and 5% CO2 (Day 0). After 24 hours (Day 1), CTAB-capped, PAA-coated and PAH 
coated gold nanorods were added in wells to achieve a final concentration of 0.4 nM. 
Growth media lacking gold nanorods was used as control. Cell growth rates were 
measured at days 2, 3, 4 and 5. The data shown is an average of three experiments.  
3.3.7 Cellular Uptake of Gold Nanoparticles Quantitation by ICP-MS. An Element 1 
high resolution inductively coupled plasma mass spectrometry (ICP-MS) instrument 
(Thermo Finnigan, Bremen, Germany) was used for gold detection. Aqueous samples 
were introduced using the high efficiency HF Apex introduction system (Elemental 
Scientific, Omaha, NE).  Samples were introduced at a rate of 100 "L min-1 with a PFA 
microflow nebulizer (Elemental Scientific, Omaha, NE). Gas flow rates and RF power 
was adjusted daily to optimize the intensity and stability of gold ions, m/z 197, and 
iridium, m/z 193, while minimizing the oxide formation which was typically under 0.2% 
(UO/U). Instrument drift was corrected by locking onto the Iridium (Ir193) peak as well as 
running gold standards through the sample sequences. All samples were run in 
triplicates. Standard addition was used for gold quantitation.  Raw data from the mass 
spectrometer was exported to MS Excel spreadsheet for analysis. The standard 
deviation of triplicate peak areas were used to calculate error of the standard addition, 
and uncertainties were propagated by standard methods. All samples and standards 
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were prepared in a class 1000 clean room. Working standards were prepared daily by 
gravimetric determination and serial dilution from the standard solutions.  All vials, 
sample containers, and consumables were placed in aqua regia for 3 hours, and then 
boiled in DW over night to remove any Cl2 (g) and NO (g) that may of diffuse into the 
teflon. Then the vials, sample containers, and consumables were washed with 2 M HCl 
for 72 hours, triply rinsed with 18 M# water, and allowed to dry in a class 1000 clean 
room before use. 
 Gold nanomaterial loss by container surface complexation/ sorption was 
examined by spiking a known concentration gold nanorods into the growth medium 
placed in 60 mm cell culture dish without cells. The growth media was mixed gently 
using a pipette and an aliquot from the growth media (10 µL) was immediately 
withdrawn and analyzed. The dishes were incubated for 24 hours.  After 24 hours, an 
aliquot from the growth media (10 µL) was withdrawn and analyzed. The ratio between 
the initial concentration and the concentration after 24 hours was calculated for CTAB, 
PAA, and PAH coated gold nanorods. 
 To quantify the gold nanorod associated with the cells, gold nanorod solution of 
aspect ratio = 4.1 were added to the growth media to yield a final concentration of 
3.3x10-12 M (gold nanorods) for all CTAB, PAA, and PAH coatings. Cells were incubated 
for 24 hours and then the growth media was removed and washed three times with PBS 
buffer solution. Cells were washed three times with PBS buffer, trypsinized and 
counted. Cells (1.2x106) from each incubation (in triplicates) were collected in separate 
centrifuge tubes, washed three times via centrifugation at 1200 rpm for 5 min each. The 
supernatant of the last wash was analyzed for gold. Cell pellets were spiked with an Ir193 
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internal standard and digested with optima aqua regia (400 µL, Optima acids) for 
twenty-four hours in a 2 mL teflon bomb at 150 ºC. After digestion sample samples were 
analysis by ICP-MS. 
3.3.8 Mass Spectrometry. ESI-LC-MS was carried out in the positive ion mode on a 
Waters Micromass QuattroLC triple quadrupole mass spectrometer equipped with an 
Agilent 1100 Binary HPLC system and an ES Industries Chromegabond WR C-8 
column (5"m particles; 15 cm X 2.0 mm). The solvent system consisted of a binary 
linear gradient using water (A) and acetonitrile (B) both containing 0.1% formic acid, at a 
flow rate of 200uL/min. The gradient began at 60%B progressing to 90%B over 30 min. 
Benzyldimethyltetradecyl ammonium chloride was used as internal standard. The 
Electrospray needle voltage was held at 3000 V and the sample cone at 25 V. Selected 
ion recording of the cations for the cetyltrimethylammonnium bromide (CTAB) analyte 
and the internal standard was at m/z = 284.3 and 332.3 respectively.  The internal 
standard method was used to construct the calibration curve using four points ranging 
from 2 ppb to 400 ppb CTAB with each standard and sample containing 130 ppb 
internal standard. All standards were measured in triplicate. All samples were diluted in 
100% methanol and placed in 2 mL glass autosampler vials prior to analysis. 
3.3.9 Gold Nanoparticles-Growth Media Interaction Determination. Purified gold 
nanoparticles (0.4 nM, concentration in particles) were mixed 1:1 volume ratio with 
DMEM media (containing 10% fetal bovine serum). The UV-Vis spectrum for the 
mixture was obtained as a function of time. After 30 min, the mixture was centrifuged for 
3 min at 14000 rpm and the resulted pellet was re-suspended in DI water.  The resulted 
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solution was analyzed by obtaining zeta potential and dynamic light scattering 
measurements and UV-Vis and FTIR spectra.  
3.3.10 Preparation of Cell Samples for Transmission Electron Microscopy. HT-29 
cells growing in the log phase were plated at a density of 5x 104 cells/mL in a 100 mm 
dish. After allowing 24 hours for cell attachment, the gold nanorod solution was added 
to the dishes. Following another 24 hours of incubation of the gold nanorods with the 
cells, cells were trypsinized and washed three times with sterile phosphate buffered 
saline (PBS) before being collected by centrifuging at 2000 rpm for 10 min. The cells 
were fixed in cacodylate buffered (pH 7.2) 2.5% glutaraldehyde for 2-3 hours at room 
temperature and washed three times in 0.1 M cacodylate buffer at 10 min interval. The 
samples were then post-fixed in cacodylate buffered 1% osmium tetroxide for 1-1.5 
hours at 4 oC and washed 3 times in cacodylate buffer (0.1 M). Later, the samples were 
dehydrated in a series of ethanol washes (50%, 70%, 80%, 95%) for 10 min each. 
Additionally, samples were dehydrated twice in 100% ethanol (10 min each) and 
embedded in Spurrs resin. Ultrathin sections were cut using a Diatome diamond knife 
and were stained with uranyl acetate followed by lead citrate. 
 
3.4 Results and Discussion 
We prepared a library of gold nanorods with different aspect (length/width) ratios 
and surface charges.  These materials are popular for biomedical detection, imaging 
and therapy.1-7  Gold nanorod solutions were prepared using our wet chemical methods 
that use the cationic surfactant cetyltrimethylammonium bromide (CTAB) as a structure-
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directing agent.20 CTAB forms a chemisorbed bilayer on the surface of gold nanorods to 
display the cationic trimethylammonium head groups to the aqueous media.22 
Transmission electron microscopy (TEM) images of the gold nanorod library show 
excellent shape and size uniformity (Figure 3.1).  Layer-by-layer coating of purified 
CTAB-capped gold nanorods with net negatively-charged (at neutral pH) polyacrylic 
acid (PAA) was used to flip the effective surface charge from positive to negative (Table 
3.1).21 Optical spectra of gold nanorods before and after coating were compared; the 
absence of broadening and tailing of the longitudinal plasmon peak indicates no 
nanoparticle aggregation (Figures 3.2).  Using the reported extinction coefficients of the 
longitudinal plasmon peaks,23 all uncoated and coated gold nanorod solutions were 
normalized to the same molar concentration in nanoparticles (not gold atoms) for 
cellular assays.   
 Figure 3.3 shows cell viability of a human colon cancer cell line, HT-29 (103 
cells), measured by the MTT assay,24 after four days exposure to a concentration of 0.4 
nM of  CTAB-capped and PAA-coated gold nanorods of different aspect ratios.   We 
found that all CTAB-capped gold nanorod solutions displayed a significant cytotoxicity at 
this concentration (65-75% loss of viability), independent of the aspect ratio. However, 
for all preparations, PAA overcoating almost eliminates the observed cytotoxicity at the  
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Figure 3.1. Transmission electron micrographs of gold nanorods of different aspect ratios (AR). All scale bars = 100 nm. 
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Zeta potential (mV) 
 
Aspect ratio (AR) 
 
CTAB-capped 
 
PAA-coated 
4.1 + 41.32 ±0.90 - 41.32 ±0.90 
3.4 + 40.02 ±0.70 - 39.55 ± 0.90 
2.9 + 47.77 ±0.60 - 40.25 ±1.02 
2.6 + 39.92 ±1.1 - 47.21 ±0.80 
2.1 + 43.23 ±0.80 - 38.01 ±1.1 
1.0 + 39.22 ±0.60 - 44.08 ±1.05 
 
Table 3.1. Zeta potential values (effective surface charge) for CTAB-capped and PAA-
coated gold nanorods of different aspect ratio. CTAB: Cetyltrimethylammonium 
bromide; PAA: Sodium Polyacrylic acid salt. 
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Figure 3.2. UV-Vis spectra of CTAB-capped (A) and PAA-coated (B) gold nanorod solutions of different aspect ratio. 
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Figure 3.3. Viability of HT-29 cells exposed to 0.4 nM of either CTAB-capped gold 
nanorod solutions (blue line, bottom) or PAA-coated gold nanorod solutions (red line, 
top) for four days as a function of gold nanorod aspect ratio. Error bars represent one 
standard deviation. 
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Figure 3.4. Growth of HT-29 cells exposed to 0.4 nM of CTAB, PAA and PAH coated 
gold nanorod solutions for five days. Aspect ratios of all gold nanorods were 4.1. Error 
bars represent one standard deviation. 
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same nanorod concentrations (Figure 3.3). Cell growth was also determined by direct 
cell counting and the results confirmed that CTAB-capped gold nanorod solutions were 
growth inhibitory, while polymer-coated nanorods were not (Figure 3.4).    
 The reduction in cytotoxicity associated with PAA overcoating led us to analyze 
the source of cytotoxicity associated with the CTAB-capped gold nanorod solutions. For 
the range of aspect ratios studied, the amount of bound CTAB corresponds to 1.2-5.5 
µM. Free CTAB molecules are cytotoxic, reducing cell viability to 50% after 200 nM 
exposure for four days (Figure 3.5), which suggests that polymer overcoating reduces 
the exposure of cells to CTAB. However, in this case, the polymer overcoating also 
flipped the effective surface charge. Previous studies 11-16 have implicated nanoparticle 
surface charge in cytotoxicity. In order to directly test charge effects, we overcoated the 
PAA-coated gold nanorods with the positively-charged polyelectrolyte poly(allylamine 
hydrochloride), PAH.  A surface-terminated PAH coating converts the surface charge 
back to positive for the gold nanorods (Table 3.1).21 Figure 3.6 shows the viability of 103 
HT-29 cells exposed to the same concentration (0.4 nM) of CTAB, PAA and PAH-
coated gold nanorods for a representative aspect ratio of 4.1. Whereas the CTAB-
capped gold nanorod solution was found to reduce cell viability to 30% at 0.4 nM 
nanorods, both PAA- and PAH-coated gold nanorod solutions were found to be 
relatively nontoxic (cell viability ~ 90%) at the same concentration. Measurements of cell 
growth (Figure 3.4) agreed with the viability studies (Figure 3.6). Dose-response studies 
showed that PAA- and PAH-coated nanorod solutions up to 5-fold higher in 
concentration (>1 nM in particles) were non-toxic compared to the CTAB-containing 
solution (Figure 3.7).  
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Figure 3.5. Dose-response curve for HT-29 cells (1000 cells/well) exposed to aqueous 
solutions of CTAB for four days.  Viability was measured by the MTT assay.  Error bars 
represent standard deviation.  
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Figure 3.6. Viability of HT-29 cells exposed to 0.4 nM of CTAB, PAA and PAH coated 
gold nanorod solutions (filled bars) and their supernatants (open bars) for four days.  
Aspect ratios of all gold nanorods were 4.1. Error bars represent one standard 
deviation. 
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Figure 3.7. Dose-dependent viability of HT-29 cells exposed to increasing 
concentrations of CTAB, PAA, and PAH-coated gold nanorod solutions (aspect ratios of 
4.1).  Error bars represent one standard deviation. 
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These results indicate that gold nanorods with either a positively or negatively 
charged polyelectrolyte layer are less toxic than the original CTAB-capped gold nanorod 
solution and thus cytotoxicity of nanoparticles is not correlated with its surface charge.  
 To test whether free CTAB was responsible for the cytotoxicity seen in the 
CTAB-capped nanorod solution, the nanoparticles were removed by centrifugation and 
the cytotoxicity of the resulting supernatants were compared with the original gold 
nanorod solutions. As the supernatants were colorless and the extinction coefficient of 
gold nanorods is ~109 M-1 cm-1, 23 this suggests that the gold nanorod concentration in 
the supernatants is sub-picomolar in particles.  The cytotoxicity of the colorless 
supernatant was found to be nearly identical to the cytotoxicity of its original deeply 
colored CTAB-capped gold nanorod solution (Figure 3.6). Liquid chromatography-mass 
spectrometry was used to quantify the CTAB concentration in the supernatants, yielding 
values in the range of 0.2-0.3 µM.  At these concentrations, the observed cell viability of 
the supernatants matched closely with the viability observed in the dose-response curve 
of CTAB alone (Figure 3.5). PAA and PAH-coated gold nanorod supernatants found to 
be not toxic and have comparable percent viability to their original solutions with 
nanorods (Figure 3.6). CTAB concentrations in both PAA and PAH-coated gold nanorod 
supernatants were below the detection limit (about 4 pM). These results support the 
argument that the presence of free CTAB molecules is a more important factor in 
cellular cytotoxicity than nanoparticle surface charge, and that overcoating CTAB on the 
nanoparticles is an effective way to reduce their cytotoxicity.11 The supernatant 
solutions may also contain leftover metal ions that could contribute to the cytotoxicity. 
Inductively-coupled plasma mass spectrometry with atomic emission spectroscopy 
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detection was employed to analyze the supernatants for their metal content. Gold and 
silver ion concentrations in the supernatants were below the detection limits of the 
instrument (~5 !M metal ions), a level we observed to be nontoxic for these ions (data 
not shown). These results further confirmed that gold nanorod solutions are not toxic by 
themselves, but that free CTAB molecules are responsible for the cytotoxicity. These 
results are reminiscent of cytotoxicity studies of carbon nanotubes, in which byproducts 
of the manufacturing process are the toxic agents.25 We had previously observed that 
CTAB-capped 18 nm nanospheres were not toxic in a different human cancer cell line, 
once excess CTAB was removed.26 We reexamined CTAB-capped gold nanospheres in 
the HT-29 cells, and found that nanospheres of diameter 8.4 ± 1.5 nm and 18.9 ± 3.0 
nm showed a minor reduction in viability (2% and 5%, respectively) at a nanoparticle 
concentration of 0.4 nM, whereas 24.1± 5.1 nm nanospheres reduced viability by 40% 
(Figure 3.8c).  As was seen with the gold nanorod solutions, the supernatants from gold 
nanosphere solutions led to the same cell viability as the original nanosphere solutions 
(Figure 3.8c), suggesting that soluble components in the supernatant are responsible 
for the toxic effects.   
 Gold nanorods with the various surface coatings were taken up by the cells, as 
visualized by transmission electron microscopic (TEM) imaging of nanoparticles inside 
the cells (Figure 3.9 & 3.10). The uptake of gold nanorods inside the cells was also 
confirmed by using dark-field microscopy. Gold nanorods scatter light in the visible 
region of the spectrum due their strong longitudinal surface plasmon oscillation. 
Yellowish/greenish scattering is clearly visible for cells incubated with PAA and PAH 
coated nanorods compared to controls (cells alone) (Figure 3.11).  
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Figure 3.8. Transmission electron micrographs (a) and UV-Vis spectra (b) of CTAB-capped gold nanospheres of different 
mean diameters (d). All scale bars = 100 nm. (c) Viability of HT-29 cells exposed to 0.4 nM of CTAB-capped gold 
nanospheres with diameters of 8.44, 18.9, and 24.1 nm (blue line), or the supernatant of the respective solutions following 
centrifugation (red line). Viability measured by the MTT assay.  
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Figure 3.9. Transmission electron microscopy images of CTAB-capped gold nanorods 
inside HT-29 cells.  All gold nanorods have an aspect ratio of 4.1. 
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Figure 3.10. Transmission electron microscopy images of PAA-capped gold nanorods inside HT-29 cells.  All gold 
nanorods have an aspect ratio of 4.1. White arrows indicate the location of gold nanorods inside the cells.
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Figure 3.11. Dark-field microscope images for HT-29 cells (a) in the absence of nanorods (b) incubated with PAA coated 
gold nanorods, and (c) incubated with PAH coated gold nanorods. For all images, Rods of aspect ratio 4.1 were used and 
incubation time was 3 hours before washing with growth media. All images were taken at the same magnification of 20X.
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To quantify the number of gold nanorods that are taken up per cell, inductively 
coupled plasma-mass spectrometry (ICP-MS) was used, which has a limit of detection 
of 60 parts per trillion for gold, or 0.20 fM for our gold nanorods of aspect ratio 4.1. In 
this experiment, the same numbers of cells were exposed to the same nontoxic 
concentration (0.2 nM) of CTAB, PAA, and PAH coated-gold nanorod solutions for 24 
hours. Cell numbers for all the samples and controls were measured after 24 hours and 
the cell growth rate for the samples exposed to nanoparticles were found to be similar to 
the untreated controls. ICP-MS results indicated drastically different numbers of gold 
nanorods per cell: CTAB-capped gold nanorods, 45 ± 6 nanorods per cell; PAA-coated 
gold nanorods, 270 ± 20 nanorods per cell; PAH-coated gold nanorods, 2320 ± 140 
nanorods per cell (Figure 3.12). ICP-MS data on the washings from the cells showed no 
detectable gold, suggesting that the nanorods per cell represent those nanorods that 
are either tightly-bound to the cell membrane or actually internalized. Therefore, the 
surface coating of the nanorods apparently does influence the degree of cellular uptake. 
 The mechanism of cellular uptake for biomolecules in the size range of the used 
nanorods has been suggested to be receptor-mediated endocytosis.27 Cells have 
receptors that recognize proteins present in the serum-containing media. An 
investigation of the surface chemistry of the gold nanoparticles in the cellular media 
provided some interesting insights. After exposure to growth media containing serum 
proteins followed by subsequent purification, the zeta potential for the originally 
positively-charged gold nanorods (both CTAB and PAH coated) became negative 
(Figure 3.13). Moreover, all gold nanorods (CTAB, PAA, PAH) reached a similar zeta 
potential value of about -20 mV in 5 minutes after exposure to the media, which is the 
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same value of the growth media alone without nanorods. Other groups have observed 
that many nanomaterials adopt the same surface charge in biological media.28The main 
protein component in the media is bovine serum albumin, BSA, which has an isoelectric 
point of 4.6, and therefore at physiological pH has a negative effective surface charge 
(zeta potential = -20 mV).29 These changes in nanorod zeta potential were not observed 
in the media lacking serum proteins. The change in the zeta potential of the gold 
nanorods can be explained by the adsorption of BSA and other media proteins on the 
nanoparticle surfaces.17 BSA adsorption on both positive and negative self-assembled 
monolayers on flat gold surfaces has been reported,30 and the ability of this protein to 
adsorb to many surfaces is due to the presence of different domains with different 
charge density.31 The adsorption of protein on the gold nanorods was confirmed by 
Fourier transform infrared (FTIR) measurements of amide I (~1650 cm-1) and III (1300-
1200 cm-1) bands in the gold nanoparticles exposed to growth media, after purification 
by centrifugation (Figure 3.14). Ultraviolet-visible absorbance spectra for gold nanorods 
exposed to growth media containing serum proteins have an additional peak at 275 nm, 
corresponding to the presence of aromatic protein residues. In addition, effective 
diameter of gold nanorods (CTAB, PAA, PAH) exposed to growth media containing 
serum albumin as measured by dynamic light scattering found to increase by 22-36 % 
from the initial dimensions (Figure 3.15), consistent with protein adsorption. 
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Figure 3.12. Cellular uptake of CTAB (open bar), PAA (filled bar), and PAH (striped bar) 
coated gold nanorods as measured by ICP-MS. Gold nanorod solutions of aspect ratio 
4.1 were added to the growth media to yield a final concentration of 3.3 pM (picomolar 
in gold nanorods).  Cells were incubated for 24 hours before analysis (for details see the 
section 3.3.7). Error bars represent one standard deviation. 
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Figure 3.13. Effective surface charge (zeta potential) of gold nanorods coated with 
CTAB, PAA and PAH in water before exposure to growth media, after exposure to 
growth media without serum proteins, and after exposure to growth media with serum 
proteins (containing 10% bovine serum albumin).  All gold nanorods were centrifuged 
after 30 minutes of exposure and re-suspended in deionized water before 
measurements were obtained. Aspect ratio for all gold nanorods was 4.1.  Error bars 
represent one standard deviation. 
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Figure 3.14. FTIR spectra of drop-cast samples on Si (111) substrate. Curve (A, blue): 
CTAB-capped gold nanorods of aspect ratio = 4.1; Curve (B, black): Growth media 
containing 10% FBS; Curve (C, red): CTAB-capped gold nanorods mixed with the 
growth media for 30 minutes and then centrifuged and resuspended in deionized water. 
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Figure 3.15. Effective hydrodynamic diameter measurements of gold nanorods coated 
with CTAB, PAA and PAH in water before exposure to growth media, after exposure to 
growth media without serum proteins, and after exposure to growth media with serum 
proteins (containing 10% bovine serum albumin).  All gold nanorods were centrifuged 
after 30 minutes of exposure and re-suspended in deionized water before 
measurements were obtained. Aspect ratio for all gold nanorods was 4.1.  Error bars 
represent one standard deviation. 
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The high promise of nanoparticles for biological applications is tempered by a 
lack of knowledge concerning the unintended consequences of the nanomaterials or the 
byproducts associated with their synthesis.8 In this regard, the cytotoxicity of CTAB-
capped gold nanorod solutions was found to be due to free CTAB and not necessarily 
the rods themselves, or residual metal ions. Polymer overcoating the CTAB-capped 
gold nanorods regardless of charge reduced the cytotoxicity, presumably by preventing 
desorption of CTAB molecules from the surface of the gold nanorods. However, we note 
that the concentration of free CTAB present in the gold nanorod solutions is in the range 
of 0.2-0.3 !M, which corresponds to 5-20% of the total CTAB bound to the nanorods. 
Therefore, CTAB bound to the nanorods is far less toxic than free CTAB. It is important 
to keep in mind that the number of particles per cell was kept constant when cells were 
exposed.  Therefore, the particle surface area accessible to the cells varied, from 
smallest for 8 nm spheres to largest for nanorods with an aspect ratio of 5.  Taken 
together, the results with nanorods and nanospheres suggest that CTAB desorption 
from gold nanoparticles likely reaches a threshold level based on nanoparticle size and 
surface area; at the constant dose experiments we performed, the 8 nm spheres and 18 
nm spheres had the least surface area and therefore the least potential CTAB 
desorption.    
 Serum proteins from the growth media were found to adsorb on gold 
nanoparticles, which slightly increased the net size of the nanoparticles and also flipped 
the surface charge. The results provide direct evidence that, regardless of the original 
surface charge, gold nanorods can adsorb serum proteins, thus adopting the 
physiochemical characteristics of biological macromolecules. Adsorbed BSA (or other 
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serum proteins) may facilitate the uptake of nanomaterials via receptor-mediated 
endocytosis.32,33 Our results show that each of the gold nanorod preparations, 
regardless of initial surface charge, adopted the charge of serum proteins and were 
found to enter the cells. The extent of uptake, rigorously quantified by ICP-MS, was 
PAH>>PAA>CTAB, which does not support the notion that initial surface charge is a 
simple predictor of nanoparticle uptake and cytotoxicity.11-16 Indeed, nanoparticle uptake 
into cells is likely governed by the type of adsorbed proteins and their relative 
orientations on the nanoscale curved surfaces; by presenting different chemical “faces” 
to the cells, different receptor-mediated endocytosis pathways may be exploited for cell 
entry.32-34 BSA alone has at least four known cell surface receptors that can 
independently bind and endocytose it into cells.34 However, it is also known that protein 
adsorption to surfaces may change over time, with higher binding constant proteins 
replacing initial weak adsorbers.35 Clearly, studies of nanoparticles surfaces as a 
function of time after exposure to serum or other complex mixtures are needed to fully 
understand the mechanism, fate, and transport of nanomaterials in a natural 
environment.19 
 
3.5 Conclusions 
In conclusion, we showed that free CTAB molecules are the toxic part in gold 
nanorods solution and polyelectrolyte coating of CTAB-capped gold nanorods is simple 
and efficient approach to “detoxify” these nanomaterials. Our results suggest that 
predicting and examining the biological properties of nanomaterials should include 
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studies to examine nanomaterials after exposure to biological systems. Future 
toxicological studies of all classes of nanoparticles should focus on rates of desorption 
of crucial (toxic) nanoparticle constituents in order to determine negative consequences 
of extended exposure. The utilization of nanoparticles for biomedical applications should 
take into account or even exploit nanoparticle-protein interactions. 
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CHAPTER 4 
GOLD NANOSPHERES WITH POLYMERIZABLE SURFACTANT BILAYER: 
SYNTHESIS, POLYMERIZATION, AND STABILITY EVALUATION* 
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4.2 Introduction  
Gold nanoparticles of various shapes have promising biomedical applications in 
the fields of drug delivery, biomedical imaging, and chemical sensing.1-4 Quaternary 
ammonium surfactants are widely employed to control and direct the growth of gold 
nanoparticles into desired sizes and shapes that are correlated with desired 
wavelengths of light that these particles can absorb and scatter.1-5 Using 
cetyltrimethylammonium bromide (CTAB), we and other groups have demonstrated the 
______________________________________________________________________ 
*  Reproduced with permission from: Alaaldin M. Alkilany, and Catherine J. Murphy. 
Langmuir 2009, 25, 13874-13879. Copyright 2009 American Chemical Society. 
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synthesis of spherical, cubic, star-shaped and rod-shaped gold nanoparticles with well-
defined tunable sizes and shapes.5-6 With our synthetic methods, all of these 
nanoparticles bear a bilayer of CTAB on the gold surface.7-8 From the synthetic point of 
view, the CTAB molecules are necessary to direct the growth of the nanoparticles and  
to stabilize them in the aqueous media by imparting the nanoparticles with a positive 
effective surface charge.5,9 The nature of the interaction between the CTAB molecules 
within the bilayer is weak van der Waals forces which could be disrupted by external 
stimuli such as the presence of competing molecules, dilution, heating, and extraction 
with organic solvents.10-11  From the biological application point of view, CTAB is not 
desirable, as it can disrupt cell membranes and cause cell death.12,13  
Previous reports correlated the instability and toxicity of CTAB-coated gold 
nanomaterials with desorption of the CTAB from the nanoparticle surface.12,14 The 
cytotoxicity of gold nanoparticles prepared using CTAB as a directing agent was linked 
quantitatively to free CTAB molecules in solution, and not to the CTAB molecules on the 
surface of the nanoparticles.12 Several different approaches have been reported to 
address this desorption problem and to stabilize the surfactant bilayer.9-16 The first 
approach is to coat the nanoparticles with oppositely-charged polyelectrolytes (layer by 
layer deposition approach).12,14,16 By decreasing the desorption of the cytotoxic 
surfactant from the nanoparticle surfaces, polyelectrolyte coating was shown to improve 
the stability and biocompatibility of gold nanoparticles.12,14,16 The second approach is to 
replace/exchange the quaternary ammonium surfactant from the gold nanoparticles with 
more biocompatible molecules using an extraction/exchange mechanism10,11 or 
thiolate15 chemisorption to the gold surface. 
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Herein, we describe a new approach to fix the surfactant molecules on the 
surface of the gold nanoparticles, using a polymerizable version of the traditional CTAB. 
Polymerizable surfactants (called surfmers) and their polymerized products have been 
reported in micelles, vesicles, liposomes and bilayers.17-25 In this work, we use a 
polymerizable surfactant to synthesize gold nanoparticles, and we show that 
polymerization of the bilayer around the gold nanoparticle decreases surfactant 
desorption and results in gold nanoparticles with remarkable stability against 
aggregation after extraction with chloroform, dialysis at elevated temperature, and 
centrifugation. 
 
4.3 Experimental Section 
4.3.1 Materials. 11-bromo-1-undecanol (98%), stabilized acryloyl chloride (96%), 4-
methoxyphenol (98%), anhydrous pyridine (99.8%), trimethylamine (99%), 2,2’-
azobis(2-methylpropionamidine) dihydrochloride (97%), chloroauric acid (HAuCl4 .3H2O, 
99.9%), sodium borohydride (NaBH4, 99%), silver nitrate (AgNO3, 99+%), and ascorbic 
acid (99+%) were obtained from Aldrich and used as received. All gold nanoparticle 
solutions were prepared with 18 M! deionized water.  Glassware was cleaned with 
aqua regia and rinsed thoroughly with 18 MΩ deionized water. 
4.3.2 Instrumentations. Absorption spectra were taken on a CARY 500 Scan UV-Vis-
NIR spectrophotometer. Transmission electron microscopy (TEM) data for gold 
nanoparticles were obtained with a Hitachi H-8000 electron microscope operating at 
200 kV. TEM grids were prepared by dropcasting 7 !L of the purified gold nanoparticle 
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solution on the TEM grids and drying them in atmosphere.  FTIR spectra of drop-dried 
samples were collected in reflectance mode with a Nexus Thermo-Nicolet 470 series 
FTIR instrument coupled with a Thermo-Nicolet continuum FTIR microscope.  The 
samples were prepared by placing a few drops of the gold nanoparticles solution on 
Si(111) wafers and drying in a covered Petri dish.  FTIR spectra were recorded over 
128 scans of each sample with a resolution of 4 cm-1 and the background spectra were 
automatically subtracted. Zeta potential and dynamic light scattering measurements 
were performed on a Brookhaven Zeta PALS instrument. NMR spectra were recorded 
using a VARIAN Mercury 400, 1H frequency=399.997 MHZ using SHIGEMI 3mm micro-
sampling tubes (approximate volume= 100uL). Elemental analyses were performed by 
Midwest Microlab, LLC, Indianapolis, IN. 
Mass Spectrometry (ESI-LC-MS) was carried out in the positive ion mode on a 
Waters Micromass QuattroLC triple quadrupole mass spectrometer equipped with an 
Agilent 1100 Binary HPLC system and an ES Industries Chromegabond WR C-8 
column (5!m particles; 15 cm X 2.0 mm). The solvent system consisted of a binary 
linear gradient using water (A) and acetonitrile (B) both containing 0.1% formic acid, at a 
flow rate of 200 uL/min. The gradient began at 60%B progressing to 90%B over 30 min. 
Cetyltrimethylammonium bromide was used as an internal standard. The electrospray 
needle voltage was held at 3000 V and the sample cone at 25 V. Selected ion recording 
of the cations for the analyte and the internal standard were both at m/z = 284.3.  The 
internal standard method was used to construct the calibration curve using four points 
ranging from 2 ppb to 400 ppb CTAB with each standard and sample containing 166 
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ppb internal standard. All standards were measured in triplicate. All samples were 
diluted in 100% methanol and placed in 2 mL glass autosampler vials prior to analysis. 
4.3.3 Polymerizable Surfactant Synthesis (p-CTAB). 11-(acryloyloxy)undecyltrimethyl 
ammonium bromide was synthesized as described in previous reports.26 The overall 
yield of the reaction was 40%. Product identity was confirmed by elemental analysis, 
NMR and mass spectrometry. Calcd for C17H34O2NBr:  C, 56.04; H, 9.40; N, 3.84. 
Found: C, 55.82; H, 9.38; N, 3.92. 1H NMR (400 Hz, CDCl3): " 6.39 (1H, dd, Jab= 1.6 
Hz, Jac=17.0 Hz), 6.12 (1H, dd, Jab= 10.0 Hz, Jac=17.4 Hz), 5.82 (1H, dd, Jab= 1.6 Hz, 
Jac=10.6 Hz), 4.14 (2H, t, J= 6.8 Hz), 3.58 (2H, m), 3.47 (9H, s), 1.64-1.75(4H, m), 1.27-
1.35 (14H, m); HRMS (Positive ion): Calcd m/z for C17H34O2N+: 284.2590. Found: 
284.2591.  
4.3.4 Synthesis of Gold Nanoparticles Using the Polymerizable Surfactant. Gold 
nanospheres were synthesized using a previous protocol with some modification.27 
Briefly, 3.5 nm citrate-capped gold nanoparticle seeds were prepared by adding 0.6 mL 
of a freshly prepared 0.1 M NaBH4 solution to 20 mL of an aqueous solution of 250 !M 
HAuCl4 and 250 !M trisodium citrate. The red-colored seeds were used to synthesis 
larger spherical nanoparticles according to the following protocol: 1.25 mL of 0.01 M 
HAuCl4 and 1.5 g of 11-(acryloyloxy)undecyltrimethylammonium bromide  were added 
to 50 mL DI water with continuous stirring. To the resulting solution, ascorbic acid 
(0.285 mL of a 0.1 M stock solution) were added, followed by seeding the solution with 
5.7 mL citrate capped seeds while mixing. The solution was kept under gentle mixing for 
two hours for complete growth of the nanoparticles.  
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4.3.5 Polymerization Procedure. Gold nanoparticles were purified by centrifugation at 
14000 rpm for 10 minutes and the resulting pellets were resuspended in D2O. This 
purified gold nanoparticle solution (10.0 mL) was placed in a 25 mL round-bottomed 
flask and the solution was bubbled with nitrogen for 2 hours to remove dissolved oxygen 
(a polymerization inhibitor). The flask was heated in an oil bath to 60 oC under a positive 
pressure of nitrogen. Aqueous solution of the cationic initiator (2,2’-azobis(2-
methylpropionamidine) dihydrochloride) was added (100 !L, 25 mg/mL) via syringe and 
the solution was stirred for five hours. The nanoparticles were centrifuged two times at 
14000 rpm for 10 minutes then concentrated in D2O and analyzed for 1H NMR, FTIR, 
UV-Vis spectroscopy, TEM, zeta potential, and dynamic light scattering. 
4.3.6 Stability Studies. A) Stability against extraction with organic solvent: 1.0 mL of 
the purified gold nanoparticle solutions, both before and after polymerization, was 
extracted with 10.0 mL chloroform three times. After extraction, the aqueous layer 
containing the gold nanoparticles was analyzed using UV-Vis spectroscopy. B) Stability 
against dialysis: 1.0 mL of the purified gold nanoparticle solutions, both before and after 
polymerization, were placed in a cellulose membrane dialysis tubing (cutoff M.W. 
12,000) at 50oC overnight against DI water. After dialysis, UV-Vis spectra were obtained 
for solutions in the tubing to monitor gold nanoparticle stability against aggregation. C) 
Stability against centrifugation: 1.0 mL of the purified gold nanoparticle solutions, both 
before and after polymerization, were centrifuged at 14000 rpm for 10 minutes and then 
the resulted pellets were resuspended in DI water. The centrifugation was repeated six 
times and then UV-Vis spectra were obtained for all samples after each centrifugation, 
to monitor gold nanoparticle aggregation. 
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4.4 Results and Discussion 
The main aim of this work is to fix the surfactant molecules on the surface of the 
gold nanoparticles and thus retard their desorption, which is reported to result in 
instability (aggregation of the nanoparticles) and is quantitatively responsible for the 
toxicity of these nanoparticles.12,14 The approach is based on adding a polymerizable 
group to the surfactant tail which should : i) allow for the synthesis of gold nanoparticles 
with narrow shape and particle size distribution; ii) survive the nanoparticle synthesis 
procedure; and iii)  can be polymerized in mild conditions without inducing nanoparticle 
aggregation during the polymerization process. We selected acrylate as the 
polymerizable group due to its known chemistry and stability during our nanoparticle 
synthetic conditions. The polymerizable group could be introduced as part of the 
surfactant head group or the hydrophobic tail (known as H-type and T-type surfmers 
respectively).19,25 In this work we have chosen the T-type, because the polymerizable 
groups will be in the hydrophobic region of the surfactant bilayer in close proximity for 
more efficient polymerization (Figure 4.1) and at the same time does not alter the head 
group physiochemical properties, as these are very critical in the synthesis of the gold 
nanoparticles.5  The chemical structure of the prepared surfmer in this work and its 1H 
NMR spectra are shown in figure 4.2. 
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Figure 4.1. Cartoon demonstrates the surfmer bilayer on the surface of a gold nanoparticle and the subsequent 
polymerization on the surface.  
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Figure 4.2. Chemical structure (a), 1H NMR spectra (b), and spectra analysis (c) of 11-
(acryloyloxy) undecyltrimethylammonium bromide, p-CTAB.  
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Wet chemical methods can be used to synthesize a variety of gold nanoparticle 
shapes: spheres, cubes, rods, stars, etc. In this work we chose to synthesize 
nanospheres as a proof of concept due to the relative ease of synthesis and higher 
product yield.28 We employed our reported protocol to prepare spherical nanoparticles 
with good size and shape control; but using the polymerizable surfactant (“p-CTAB”) 
instead of CTAB.27 The synthesis of gold nanoparticles using p-CTAB resulted in 
nanospheres with an average diameter of 12±1nm (Figure 4.3). The analogous 
preparation of gold nanospheres using CTAB itself yields an average nanoparticle 
diameter of 11±1nm.  The zeta potential of the p-CTAB-capped gold nanoparticles 
showed a positive charge (+30.2 ± 1.1 mV), similar to the CTAB-capped spheres, 
supporting the formation of bilayer geometry on the surface of the nanoparticles.7-8 
Polymerization of p-CTAB while bound to the gold nanoparticles was conducted 
using the cationic free radical initiator 2,2’-azobis(2-methylpropionamidine) 
dihydrochloride at 60 oC for five hours. Polymerization did not induce any aggregation of 
the gold nanoparticles as evident from the TEM images of the gold nanoparticles after 
polymerization, and from the absence of the characteristic red shift and broadening of 
the plasmon band that would occur for gold nanoparticle aggregation (Figure 4.4). In 
order to confirm the polymerization of the p-CTAB molecules while bound to gold 
nanoparticles, both FTIR and 1H NMR spectra were obtained for p-CTAB-capped gold 
nanoparticles both before and after polymerization. Figure 4.5 shows FTIR spectra of 
gold nanoparticles before polymerization with both C=C and C=O vibrations at 1616 and 
1721 cm-1, respectively, due to the presence of the acrylate groups. After 
polymerization, the C=C stretching band disappeared totally, indicating the conversion 
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of this group in the polymerization process (Figure 4.6). These results were in 
agreement with the 1H NMR results for the gold nanoparticles before and after 
polymerization. Figure 4.7 shows the 1H NMR spectra for gold nanoparticles before 
polymerization, with peaks at !5.8, 6.1 and 6.3 ppm corresponding to the vinylic 
hydrogens of the acrylate moiety. After polymerization, these NMR features 
disappeared completely (Figure 4.7). Collectively, FTIR and 1H NMR results show that 
the p-CTAB surfmer molecules survived the synthesis conditions of the gold 
nanoparticles, and polymerized successfully without gold nanoparticle aggregation. 
Purification of gold nanoparticles is carried out usually by dialysis, extraction with 
organic solvent, or centrifugation and resuspending in DI water to get rid of excess 
surfactant molecules. All these purification methods can result in particle aggregation 
due to potential desorption of the surfactant molecules from the nanoparticle surface. 
Typically, the more purification cycles, the more surfactant molecules desorb from the 
bilayer, resulting in a decrease in the effective surface charge which cause nanoparticle 
aggregation.10 We hypothesized that polymerizing the surfactant molecules within the 
bilayer could decrease surfactant desorption and thus result in more stable gold 
nanoparticles. This hypothesis is inspired by accumulating reports in the literature for 
polymerization of surfactant vesicles to enhance their stability.16-25 To test our 
hypothesis, we carried out a series of experiments comparing the stability of the gold 
nanoparticles before and after polymerization against dialysis, extraction with an  
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Figure 4.3. Transmission electron microscope images and particle size histograms of 
gold nanoparticles before (left panel) and after (right panel) p-CTAB surfmer 
polymerization. All scale bars=100 nm. 
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Figure 4.4. UV-Vis spectra for gold nanoparticles before (black line) and after (red line) 
polymerization. 
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Figure 4.5. FTIR spectra of (A) purified gold nanoparticles before polymerization, and (B) p-CTAB .  Peaks around 1721 
and 1616 cm-1 are due to the C=O and C=C vibrations in the acrylate groups respectively.  
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Figure 4.6. FTIR spectra of purified gold nanoparticles before polymerization (black 
line), and purified gold nanoparticles after polymerization (red line).  Peaks around 1721 
and 1616 cm-1 are due to the C=O and C=C vibrations in the acrylate groups 
respectively. Note the absence of the C=C after polymerization. 
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Figure 4.7. 1H NMR spectra of 50 nM purified gold nanoparticles in D2O (a) before and 
(b) after p-CTAB surfmer polymerization. Both spectra were obtained using the same 
parameters and scale. The peaks here are due to -CH=CH2 (of the acrylate groups). 
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immiscible organic solvent, and centrifugation. Aggregation of gold nanoparticles was 
followed primarily by their UV-Vis spectra, which is very sensitive to their aggregation 
status.29 Figure 4.8 shows clear broadening and red shifting of the plasmon band for the 
gold nanoparticles, before polymerization and after dialysis against DI water, compared 
to the particles before dialysis. Similar plasmon peak broadening and red shifting was 
observed for the gold nanoparticles, before polymerization, after extraction with 
chloroform (Figure 4.9). However, the plasmon band for the gold nanoparticles after 
polymerization did not broaden or red shift after both dialysis and extraction (Figures 4.8 
& 4.9). Similar results were obtained from studying the stability of gold nanoparticles 
before and after polymerization against centrifugation for ten minutes at 14000 rpm. 
Figure 4.10 shows a significant aggregation (judged by the red shift and broadening of 
the plasmon band) after the second centrifuge for gold nanoparticles before 
polymerization. However, gold nanoparticles after polymerization survived at least five 
centrifugation cycles without any sign of aggregation (Figure 4.10). The dynamic light 
scattering results were in agreement with UV-Vis results (Figure 4.11). For gold 
nanoparticles before polymerization, the third centrifugation induced particle 
aggregation as evident by the significant increase in the effective hydrodynamic radius 
(Figure 4.11). However, the effective hydrodynamic radius for the nanoparticles after 
polymerization is the same after five centrifugations. These results provide clear 
evidence that polymerizing the p-CTAB surfmer in the bilayer system on the gold 
nanoparticles enhances the nanoparticles’ stability against aggregation.  
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Figure 4.8. UV-Vis spectra of gold nanoparticles after dialysis against DI water. Labels: 
(A, red line) initial, purified p-CTAB-capped gold nanoparticles in water before 
polymerization and without dialysis; (B, blue line) p-CTAB-capped gold nanoparticles 
after polymerization and after dialysis, (c, black line) p-CTAB-capped gold nanoparticles 
without polymerization after dialysis. 
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Figure 4.9. UV-Vis spectra of gold nanoparticles after extraction with chloroform as 
described in section 4.3.6. Labels: (A, red line) initial, purified p-CTAB-capped gold 
nanoparticles in water before polymerization and without extraction; (B, blue line) p-
CTAB-capped gold nanoparticles after polymerization and after extraction, (c, black line) 
p-CTAB-capped gold nanoparticles without polymerization after extraction. 
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Figure 4.10. UV-Vis spectra of gold nanoparticles (a) before and (b) after p-CTAB surfmer polymerization as function of 
the indicated number of centrifugations. 
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Figure 4.11. Effective hydrodynamic diameter measurements of gold nanoparticles 
before (black squares) and after (red circles) p-CTAB surfmer polymerization as a 
function of the number of centrifugation cycles. 
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The enhanced stability of p-CTAB-capped gold nanoparticles can be explained 
by the decrease in surfactant desorption after polymerization. To test this hypothesis, 
we measured the concentration of the free p-CTAB in the supernatant after each 
centrifugation for gold nanoparticles both before and after bilayer polymerization. Figure 
4.12 shows a very significant decrease in the surfmer concentration in the supernatant 
solution after polymerization, which indicates less desorption from the surface of the 
gold nanoparticles by orders of magnitude.  For our nanoparticle concentrations (10 nM 
in particles), a full bilayer of surfmer molecules corresponds to ~ 40 µM; therefore, 
about 20% of the molecules are desorbing from the gold nanoparticles before 
polymerization after two rounds of centrifugations.  In contrast, after polymerization, only 
0.2% of the molecules desorb under similar conditions.   
These results have interesting implications for cytotoxicity of these 
nanomaterials.  If we are able to tune the shape of gold nanoparticles with p-CTAB as 
we can with CTAB itself, the polymerization process will permanently “zip” up the bilayer 
around the gold nanomaterials and shut off the main mechanism for cytotoxicity.12,14  
Therefore, the use of p-CTAB or analogous “zippable” surfactant to make gold nanorods 
and other nanoparticle shapes will enable the formation of more biocompatible 
nanomaterials for biological and  biomedical applications. In chapter 5, we will 
demonstrate our claim by preparing gold nanorods with p-CTAB bilayer by cationic 
exchange on the surface of the gold nanorods. Furthermore, we show in chapter 5 that 
polymerization of p-CTAB on the surface of the gold nanorods is an efficient approach 
to enhance the stability and biocompatibility of these nanomaterials. 
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Figure 4.12. Desorption study of p-CTAB surfmer from the gold nanoparticles before 
(black squares) and after (red circles) p-CTAB surfmer polymerization as function of the 
number of centrifugation cycles.   
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4.5 Conclusions  
Gold nanospheres of diameter 12±1nm were synthesized using a polymerizable 
surfactant based on a surfactant that is known to form a bilayer on the gold surface. 
Free radical polymerization using a cationic initiator was used successfully to 
polymerize the surfactant molecules around the gold nanospheres. Polymerization did 
not induce nanoparticle aggregation or change in the size or shape of the nanoparticles. 
Stability studies to assess the resistance of the gold nanoparticles to aggregation by 
centrifugation, dialysis, and extraction with immiscible organic solvents show that gold 
nanoparticles with a polymerized bilayer are more stable than nanoparticles before 
polymerization. The origin of this stabilization is explained by the decrease of surfactant 
desorption from the surface of the nanoparticles as determined by mass spectrometry 
analysis. Our results indicate that preparing the nanoparticles using polymerizable 
surfactant and the consequent polymerization in the bilayer is an effective approach to 
stabilize nanoparticles.  
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CHAPTER 5 
CATION EXCHANGE ON THE SURFACE OF GOLD NANORODS WITH A 
POLYMERIZABLE SURFACTANT: POLYMERIZATION, STABILITY, AND TOXICITY 
EVALUATION* 
 
5.1 Notes and Acknowledgments 
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mass spectrometry measurements and the National Science Foundation (CHE-
0701406), the Air Force Office of Scientific Research, and the W. M. Keck Foundation 
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5.2 Introduction  
Gold nanorods have valuable optical properties that are relevant for many 
biomedical applications, including extensive light absorption and scattering in the 
visible-near infrared (NIR), and heat generation upon illumination.1-3 These properties 
have been employed in proof-of-concept applications such as drug delivery, in vivo 
cellular imaging, and cancer treatment.4-8 However the stability and biocompatibility of 
these nanomaterials still need improvement for future real applications.9-11  
*  Reproduced with permission from: Alaaldin M. Alkilany, Pratik K. Nagaria, Michael D. 
Wyatt, and Catherine J. Murphy. Langmuir 2010, 26, 9328-9333. Copyright 2010 
American Chemical Society. 
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One advantage of gold nanomaterials, compared to other metals or 
semiconductors, is that the gold core is not inherently toxic in the bulk.9-11 However, 
preparing gold nanorods of defined shape, using the seed-mediated approach that we 
and others have developed,12 requires the use of a cationic surfactant 
(cetyltrimethylammonium bromide, CTAB) which itself is cytotoxic at submicromolar 
concentrations.10 CTAB molecules form a bilayer assembly on the surface of the gold 
nanorods, with a postulated chemisorbed bromide species at the gold surface serving 
as an anionic electrostatic point of association for CTAB’s cationic headgroups.2 
As the CTAB bilayer is dynamic in nature, free CTAB molecules can desorb and 
result in apparent toxicity of the gold nanorod solution.10 Moreover, desorption of 
surfactant from the bilayer will decrease the effective nanorod surface charge and thus 
may result in irreversible nanorod aggregation.13 As we discussed in chapter 3, layer-
by-layer polyelectrolyte coating of gold nanorods by biocompatible, charged polymers 
enhances the stability and reduces the toxicity of gold nanorods by retarding CTAB 
desorption.10-11 The  coating approach does result in changes to the nanorod’s overall 
dimensions, and does change the physiochemical properties of the gold nanorod 
surface.10-11  
In chapter 4, we proposed the synthesis of gold nanospheres using a 
polymerizable version of CTAB (p-CTAB) as the capping agent.14 With p-CTAB as the 
capping agent, gold nanospheres could be prepared at the same size as for its native 
CTAB counterpart. On-particle polymerization of p-CTAB retards its desorption from the 
surface of the gold nanospheres, resulting in more stable nanoparticles.13 In a 
continuation of the polymerization approach, we explore in this chapter the preparation 
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of gold nanorods with p-CTAB by a less direct route; but its polymerization on the 
surface of nanorods does indeed show enhanced stability and biocompatibility of these 
nanomaterials. The nanorods cannot be made in the presence of p-CTAB from gold 
salt, unlike spheres; therefore, we undertook on-particle ion exchange reactions to 
replace CTAB with p-CTAB, followed by a p-CTAB on-particle polymerization. 
  
5.3 Experimental Section 
5.3.1 Materials. 11-bromo-1-undecanol (98%), stabilized acryloyl chloride (96%), 4-
methoxyphenol (98%), anhydrous pyridine (99.8%), trimethylamine (99%), 2,2’-
azobis(2-methylpropionamidine) dihydrochloride (97%), chloroauric acid (HAuCl4 .3H2O, 
99.9%), sodium borohydride (NaBH4, 99%), silver nitrate (AgNO3, 99+%), ascorbic acid 
(99+%), and poly(acrylic acid, sodium salt) (PAA, MW ~15000 g/mole) were obtained 
from Aldrich and used as received. Cetyltrimethylammonium bromide (CTAB, 99%, 
Sigma Ultra) was obtained from Sigma Chemicals and used as received. All gold 
nanoparticle solutions were prepared with 18 M! deionized water. Glassware was 
cleaned with aqua regia and rinsed thoroughly with 18 MΩ deionized water. Dialysis 
cassettes (slide-A-lyzer dialysis cassettes, cutoff MW=10,000 Dalton) were purchased 
from Thermo Scientific. Human adenocarcinoma HT-29 cells (ATCC) were maintained 
in Dulbecco’s modified eagle medium-DMEM (GIBCO, Invitrogen) supplemented with 
10% FBS (Hyclone) and 1% penicillin/streptomycin (Hyclone) at 37 oC and 5% CO2.  
MTT (thiazolyl blue tetrazolium bromide) dye was purchased from Sigma. 
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5.3.2 Instrumentation. Absorption spectra were taken on a CARY 500 Scan UV-Vis-
NIR spectrophotometer. Transmission electron microscopy (TEM) data were obtained 
with a Hitachi H-8000 electron microscope operating at 200 kV. TEM grids were 
prepared by dropcasting 7 !L of the purified gold nanorod solution on the TEM grids 
and drying them in atmosphere.  FTIR spectra of drop-dried samples were collected in 
reflectance mode with a Nexus Thermo-Nicolet 470 series FTIR instrument coupled with 
a Thermo-Nicolet continuum FTIR microscope.  The samples were prepared by placing 
a few drops of the gold nanorod solution on Si(111) wafers and drying in a covered Petri 
dish.  FTIR spectra were recorded over 128 scans of each sample with a resolution of 4 
cm-1 and the background spectra were automatically subtracted. Zeta potential and 
dynamic light scattering measurements were performed on a Brookhaven Zeta PALS 
instrument. NMR spectra were recorded using a VARIAN Mercury 400, 1H 
frequency=399.997 MHZ using SHIGEMI 3mm micro-sampling tubes (approximate 
volume= 100 !L). Elemental analyses were performed by Midwest Microlab, LLC, 
Indianapolis, IN. 
Mass spectrometry was carried out in the positive ion mode on a Waters 
Micromass QuattroLC triple quadrupole mass spectrometer equipped with an Agilent 
1100 Binary HPLC system and an ES Industries Chromegabond WR C-8 column (5!m 
particles; 15 cm X 2.0 mm). The solvent system consisted of a binary linear gradient 
using water (A) and acetonitrile (B) both containing 0.1% formic acid, at a flow rate of 
200 uL/min. The gradient began at 60%B progressing to 90%B over 30 min. 
Cetyltrimethylammonium bromide, CTAB, was used as an internal standard. The 
electrospray needle voltage was held at 3000 V and the sample cone at 25 V. Selected 
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ion recording of the cations for the p-CTAB and CTAB were both at m/z = 284.3 (since 
they have the same molecular mass).  The internal standard method was used to 
construct the calibration curve using four points ranging from 2 ppb to 400 ppb CTAB 
with each standard and sample containing 166 ppb internal standard. All standards 
were measured in triplicate. All samples were diluted in 100% methanol and placed in 2 
mL glass autosampler vials prior to analysis. 
5.3.3 Polymerizable Surfactant Synthesis (p-CTAB). 11-(acryloyloxy)undecyl 
trimethylammonium bromide (p-CTAB) was synthesized and purified as described in 
previous reports and detailed in Chapter 4.15 The overall yield of the reaction was 40%. 
Product identity was confirmed by elemental analysis, NMR and mass spectrometry. 
Calcd for C17H34O2NBr:  C, 56.04; H, 9.40; N, 3.84. Found: C, 55.82; H, 9.38; N, 3.92. 
1H NMR (400 Hz, CDCl3): " 6.39 (1H, dd, Jab= 1.6 Hz, Jac=17.0 Hz), 6.12 (1H, dd, Jab= 
10.0 Hz, Jac=17.4 Hz), 5.82 (1H, dd, Jab= 1.6 Hz, Jac=10.6 Hz), 4.14 (2H, t, J= 6.8 Hz), 
3.58 (2H, m), 3.47 (9H, s), 1.64-1.75(4H, m), 1.27-1.35 (14H, m); HRMS (Positive ion): 
Calcd m/z for C17H34O2N+: 284.2590. Found: 284.2591.  
5.3.4 Synthesis of CTAB-capped Gold Nanorods (Aspect Ratio= 4). Gold nanorods 
were synthesized as previously described.12 A solution of 2.5 x 10-4 M HAuCl4 was 
prepared in 0.1 M CTAB.  NaBH4 (600 !L, 10 mM) at 0 oC was added to the gold/CTAB 
solution (10 mL) with vigorous stirring for 10 min.  The resulting seed nanoparticles 
were used in the synthesis of gold nanorods. Briefly, the following aqueous solutions 
were added to a 125 mL conical flask, in the following order: CTAB solution (95 mL of a 
0.1 M stock solution), silver nitrate solution (1 mL of a 10 mM stock solution), 
chloroauric acid (5 mL of a 10 mM stock solution). To this mixture, an aqueous solution 
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of ascorbic acid (0.55 mL of a 0.1 M stock solution) was added with gentle mixing. 
Finally, the gold seed solution (0.12 mL) was added and the entire solution was mixed 
and left undisturbed overnight (14-16 hours). The colored gold nanorod solution was 
purified by centrifugation to remove excess CTAB (twice at 14000 rpm, 3 min each).  
5.3.5 Ion Exchange of CTAB for p-CTAB on the Surface of the Gold Nanorods. 
Purified CTAB-capped gold nanorods (5 mL), concentration 0.5 nM in rods, were placed 
in a 15 mL centrifugation vial to which 50 mg of p-CTAB was dissolved. The vial was 
shaken gently and then allowed to stand for 24 hours for the exchange reaction to take 
place at room temperature. Centrifugation (14000 rpm for 3 minutes) was applied to 
remove excess surfactant and the pellets were resuspended into 3.0 mL DI water.  
5.3.6 Quantification of the Percent of CTAB and p-CTAB on the Surface of Gold 
Nanorods After Ion Exchange 
5.3.6.1 Capturing the Surface-Associated Surfactant Molecules (CTAB & p-CTAB). 
After ion exchange of CTAB for p-CTAB on the surface of gold nanorods, the solution 
was centrifuged to collect the gold nanorods pellet as detailed in the previous step. The 
gold nanorod pellets were resuspended into 3.0 mL DI water. To capture surface-
associated surfactant molecules and preserve the CTAB/p-CTAB composition on the 
surface of gold nanorods, the gold nanorods where immediately coated with poly(acrylic 
acid, sodium salt) (PAA, MW ~15000 g/mole).16 This coating has been shown to retard 
surfactant desorption from the bilayer assembly on gold nanorods.10-11 Briefly, to each 1 
mL gold nanorod solution, a PAA solution (200µL of a 10 mg/mL stock solution 
prepared in 1.0 mM aqueous NaCl) and a NaCl solution (100 µL of a 10 mM stock 
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solution) were added simultaneously. The resulting mixture was stirred gently for 30 
minutes to allow for complete polymer overcoating. To remove excess PAA after 
coating, the coated gold nanorod solution was centrifuged for 3 min at 14000 rpm. The 
pellet was re-suspended in DI water and the resulting gold nanorod solution were 
placed in a 3.0 mL cellulose membrane dialysis cassette (cutoff M.W. 10,000) against 
4.0 L of DI water for 24 hours.  
5.3.6.2 Sample Preparation for LC-MS Analysis. After capturing the CTAB and p-
CTAB molecules on the surface of gold nanorods by PAA-coating, followed by 
purification as detailed in the previous section, the purified gold nanorod solution was 
divided into two equal portions for the preparation of sample and control sets. The 
sample solution was prepared by dissolving the gold nanorod core with KCN (0.5 mL of 
a 10 mM KCN stock solution for each 1.0 mL aliquot of 0.5 nM gold nanorods). The 
control sample was prepared by centrifuging out the gold nanorods from the purified 
gold nanorod solution; the supernatant from this, containing presumably a mixture of 
leftover p-CTAB and displaced CTAB, was withdrawn and received the same amount of 
KCN added to the sample vial. The CTAB and p-CTAB content in both controls and 
samples were quantified using LC-MS (ESI) as described in the instrumental section. 
5.3.7 On-Particle Polymerization Procedure. A purified gold nanorod solution (10 mL, 
0.5 nM in rods), in which CTAB had been ion-exchanged for p-CTAB, was placed in a 
25 mL round-bottomed flask and the solution was bubbled with nitrogen for 2 hours to 
remove dissolved oxygen (a polymerization inhibitor). The flask was heated in an oil 
bath to 60 oC under a positive pressure of nitrogen. An aqueous solution of the cationic 
initiator (2,2’-azobis(2-methylpropionamidine) dihydrochloride) was added (100 !L of a 
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25 mg/mL stock solution) via syringe, and the solution was stirred for five hours. The 
nanorods were centrifuged two times at 14000 rpm for 3 minutes, and then 
resuspended in DI water for further analysis. 
5.3.8 “Polymerized” Gold Nanorod Stability Against Dialysis. To a 1.0 mL aliquot of 
the purified p-CTAB gold nanoparticle solutions, both before and after polymerization, 
were placed in a cellulose membrane dialysis cassette (cutoff M.W. 10,000) at room 
temperature overnight against 4.0 L of DI water. After dialysis, optical photographs were 
obtained for solutions in the cassettes to monitor gold nanorod stability against 
aggregation. 
5.3.9 “Polymerized” Gold Nanorod Effects on Living Cells. HT-29 cell viability was 
measured using a standard MTT assay following four days continuous exposure to the 
gold nanorods, as we have previously done.10 Exponentially growing cells were 
dispensed into a 96-well flat bottom plate at a concentration of 103 cells/well (100 !L). 
After allowing 24 hours for cell attachment, gold nanorods solutions were diluted 
appropriately in fresh media and added (100 µL), 6 wells per sample. The media was 
not changed during the incubation. Following four days incubation, cell viability was 
determined by the addition of MTT (20 µL, 5 mg/ml dye in sterile PBS). The plate was 
incubated for an additional 5 hours at 37 oC and 5% CO2, allowing viable cells to 
convert the pale yellow MTT to an insoluble purple dye. The insoluble dye was collected 
by centrifugation at 300 g for 5 min. The media was carefully removed and the collected 
dye was dissolved in dimethyl sulfoxide (200 µL). Absorbance values at 595 nm were 
collected and cell viability was calculated as a percentage compared to untreated 
control cells. 
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5.4 Results and Discussion 
In Chapter 4, we described the synthesis of gold nanospheres using a 
polymerizable version of our traditional surfactant CTAB as a capping agent (p-CTAB) 
to enhance the stability and biocompatibility of gold nanoparticle solutions.14 Our 
positive results of enhanced stability of these nanospheres after polymerization 
motivated us to investigate the preparation of gold nanorods with a polymerizable 
bilayer. In this Chapter, we tried to use the polymerizable surfactant, p-CTAB, instead of 
the traditional CTAB, as the structure-directing agent itself in our gold nanorods 
surfactant-directed synthesis procedure.12 Our attempts to synthesize gold nanorods 
with p-CTAB was not successful, resulting in spherical or irregular shaped 
nanoparticles. We and others have previously noted how sensitive the gold nanorod 
synthesis is to the chemical nature of the surfactant and even surfactant purity.17-19  
Since we could not synthesize p-CTAB-capped gold nanorods directly, we chose 
to start with CTAB-capped gold nanorods, with excellent shape and size 
monodispersity, and replace the CTAB molecules by p-CTAB using the recently-
reported procedure of cationic surfactant exchange on the surface of gold nanorods.20 
In this study, lipids with a positive head group were able to replace the CTAB and 
electrostatically associate with the putative negatively charged sites on the surface of 
the gold nanorods.20 In these on-particle lipid exchange experiments, a large 
concentration gradient (adding phospholipids in large excess compared to the initial 
CTAB) was employed to replace CTAB molecules on the surface of gold nanorods and 
thus enhance the biocompatibility of the gold nanorods.20-21 However, the stability of the 
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new hybrid bilayer (mixture of CTAB and the lipid) is still an issue since molecular 
desorption may occur, resulting in nanorod aggregation.  
In our work, the quaternary ammonium head group of the polymerizable 
surfactant, p-CTAB, is identical to the head group of CTAB itself; p-CTAB bears an 
acryloyloxy group at the end of the hydrophobic chain (Figure 5.1). Our approach 
exchanges the CTAB for p-CTAB using the cationic exchange concept, followed by 
polymerization in the bilayer, to fix surfactant molecules and thereby retard their 
desorption. This general polymerization approach, to fix surfactant in a bilayer, has 
been used to stabilize supported lipid bilayers, liposomes, and vesicles as well as the 
surfactant bilayer on silica and gold nanoparticles.14,22-31 In addition, we realized that 
quantification of CTAB and p-CTAB on the nanorods, after exchange, would be difficult 
unless there was a good way to separate free surfactant molecules from nanorod-bound 
ones.  We therefore introduced a “capture coat” step before analysis to “fix” the 
composition on the nanorods, detailed below. The experimental scheme for surfactant 
displacement, capturing and quantification are demonstrated in Figure 5.1. 
The p-CTAB surfactant was added in excess (1000 times the total CTAB 
concentration) to a purified gold nanorod solution bearing the usual CTAB on the 
nanorod surface, for aspect ratio ~4 nanorods (length 51±5 nm x width 13±3 nm) as a 
representative example.  The reaction mixture was left for the displacement to take 
place for 24 hours. It was expected that the surfactants in the bilayer would be a mixture  
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Figure 5.1. Cartoon demonstrating the surfactant exchange on the surface of the gold nanorods, followed by either 
polymerization or polyelectrolyte (polyacrylic acid, PAA) coating to capture the exchanged surfactant population.  
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of both CTAB and p-CTAB on the gold nanorods. To quantify the percent of each 
surfactant on the nanorods, we need to: 1) remove any free surfactant in the solution 
prior to analysis, 2) capture the bilayer composition on the gold nanorods so that no, or 
very minimal surfactant, will desorb during the purification steps. With this in mind, we 
found that simple centrifugation was not sufficient to remove excess surfactant, and also 
could disturb the surfactant ratio in the bilayer. Instead, we used polyelectrolyte coating 
of the gold nanorods as a “capture coat” to capture the surfactants on the surface 
before purification (Figure 5.1). Polyelectrolyte coating was chosen because it is an 
easy and fast procedure that is known to stabilize surfactant assemblies in bilayer 
systems.32-35 After overcoating the exchanged nanorods with PAA, poly(acrylic acid), we 
were able to perform an extensive dialysis to remove residual surfactant without 
inducing any bilayer disruption (and nanorod aggregation). To confirm the purity of the 
coated gold nanorod solution after dialysis, part of the purified solution was centrifuged 
to collect the supernatant, which was considered as a control sample. To determine the 
concentration of CTAB and p-CTAB in the purified PAA-coated gold nanorod solution 
([CTAB]total and [p-CTAB]total respectively), the gold core was dissolved with cyanide 
solution and the resulting clear solution was analyzed by mass spectrometry.36 It is 
important to mention that the presence of the polyelectrolyte had no affect on the 
quantification of both surfactants using LC-MS (ESI) as investigated in separate control 
experiments (data not shown). Moreover, the concentration of both surfactants in the 
control samples ([CTAB]supernatant and [p-CTAB]supernatant respectively) was determine to 
calculate the concentration of each surfactant on the gold nanorod surface (([CTAB]on 
gold and [p-CTAB]on gold) as per Equations 5.1 and 5.2: 
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[CTAB]on gold = [CTAB]total " [CTAB]supernatant                                                        Equation 5.1 
! 
[p "CTAB]on gold = [p "CTAB]total " [p "CTAB]supernatant                                        Equation 5.2         
 Equations 5.1 and 5.2 mathematically express the notion that the concentrations 
of CTAB and p-CTAB are likely mixtures of free and nanorod-bound molecules; the 
control experiments are designed to measure free concentrations. The mass 
spectrometry data showed 77±3% of the surfactant on the gold nanorod surface was p-
CTAB and the remaining 23±1% was CTAB (Figure 5.2). These values indicate that 
exchange was occurred in both the upper and lower layers of the bilayer and agrees 
with the hypothesis that the CTA+ in the lower leaflet of the bilayer is electrostatically 
associated with negative sites on the gold surface and thus can be replaced.2 Orendorff 
et al studied the surfactant exchange between a lipid liposome and the bilayer of CTAB 
using larger aspect ratio (~20) gold nanorods using NMR and FTIR.20 They estimated 
that over 90% of original CTAB was replaced by the phospholipids.20 Another recent 
study to investigate the kinetics of lipid exchange between classical lipid vesicles and 
surfactant bilayers on gold nanoshells, using surface enhanced Raman spectroscopy, 
concluded that the exchange extent was 76% after 7 hours.37  
After we quantified the degree of surfactant exchange, we aimed to polymerize 
the surfactant on the surface of the gold nanorods. The polymerization was carried out 
under thermal conditions (60˚C) using a cationic free radical initiator, previously 
reported for polymerizing the same surfactant molecules on gold nanospheres (Chapter 
4).14 After polymerization, the gold nanorods did not show any sign of aggregation as 
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judged by the identical TEM images, hydrodynamic diameter data obtained by dynamic 
light scattering analysis, and UV-Vis spectra before and after polymerization (Figure 
5.3). We note that the light-scattering software assumes that particles are spheres, and 
thus the value we obtain for hydrodynamic size in solution is only an “effective” 
diameter, which is similar to the average of the short and long dimensions of the 
nanorods as observed by TEM. However, the hydrodynamic diameters from the 
dynamic light scattering analysis before and after polymerization are similar, a trend 
was observed in the TEM data too, suggesting that the polymerization event does not 
aggregate the nanorods. Moreover, the effective surface charges as judged by zeta 
potential analysis were found to be very similar before and after polymerization (Figure 
5.3). Polymerization on the surface of gold nanorods was followed by FTIR (Figure 5.4). 
After the exchange of CTAB for p-CTAB, the C=O vibration modes of p-CTAB at ~1720 
cm-1 and p-CTAB’s C=C and C=CH vibration modes at 1620 and 3020 cm-1 are present 
for gold nanorod samples. After polymerization, the C=C and C=CH vibration modes 
disappeared as the vinyl groups are consumed in the polymerization process (Figure 
5.4). Due to the low concentration of gold nanorods (typically 0.2 nM), the total amount 
of the resulting oligomers is very small (in the range of nanogram/mL), to allow us to 
perform further characterization to evaluate the degree of polymerization and the 
average molecular weight of the resulting surfactant oligomers after polymerization. 
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Figure 5.2. (Left) Concentration of CTAB and p-CTAB in purified gold nanorod solutions (solid bar) and the corresponding 
control supernatant (striped bar) followed by gold dissolution as determined by LC-MS(ESI). (Right) Calculated 
concentration of both CTAB and p-CTAB on the gold nanorods (see Equations 5.1 & 5.2 in the text for details). Error bars 
represents standard deviation for three replicates. This quantification was done before polymerization. 
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Figure 5.3. A) Transmission electron micrographs of p-CTAB-exchanged gold nanorods 
before (left) and after (right) polymerization. Scale bar=100 nm. B) UV-Vis spectra of p-
CTAB-exchanged gold nanorods before (black solid line) and after (red dashed line) 
polymerization. c) Zeta potential and effective hydrodynamic diameter values of p-
CTAB-exchanged gold nanorods before and after polymerization. 
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Figure 5.4. FTIR spectra of (A) 11-(acryloyloxy)undecyl trimethylammonium bromide (p-
CTAB) alone, (B) purified p-CTAB-exchanged gold nanorods before polymerization; and 
(C) purified p-CTAB-exchanged gold nanorods after polymerization. 
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To assess the effect of polymerization had on potential desorption of the 
surfactant from the surface of the gold nanorods, we carried out a stability study against 
dialysis for both nanorods with and without the polymerized bilayer. Dialysis of p-CTAB-
exchanged gold nanorods that were unpolymerized resulted in rapid aggregation due to 
surfactant desorption and precipitated out, resulting in a clear solution within 2 hours, 
while the same nanorods with a polymerized bilayer were stable against dialysis for 24 
hours (Figure 5.5). These results agree with our results in Chapter 4 regarding the 
enhanced stability of gold nanospheres with a polymerizable bilayer.14  
CTAB alone, as a quaternary ammonium surfactant, can kill living mammalian 
cells at sufficient doses.10-11 Moreover, CTAB-coated gold nanorods can kill cells, at 
sufficiently high concentrations, which is quantitatively due to free CTAB (desorbed or 
extra carried over from the synthesis).10-11 In this context, we expected that 
polymerization of the surfactant in the bilayer would reduce the toxicity of these 
nanorods because surfactant desorption would be retarded. To investigate our 
hypothesis, we compared the toxicity of gold nanorod solutions before and after 
polymerization using a standard viability assay, the MTT assay, on the HT-29 cell line, 
similar to work we have done in Chapter 3.10 We found that polymerization of the 
surfactant bilayer decreases the toxicity of the gold nanorods dramatically, compared to 
the same gold nanorods with the same surfactants, without polymerization (Figure 5.6). 
The reduced toxicity after polymerization can be explained by the retardation effect,14 as 
there is less desorption of the toxic quaternary ammonium surfactant, in a similar way to 
the reduced toxicity that can be achieved by overcoating the CTAB bilayer with 
polyelectrolytes, such as PAA, that also retard CTAB desorption.10-11 
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Figure 5.5.Optical photographs of p-CTAB-exchanged gold nanorods after (left) and 
before (right) polymerization, after 24 hours of dialysis against 4.0 L DI water. Before 
polymerization, the nanorods lose the weakly-bound surfactant bilayer and precipitate to 
the bottom of the dialysis cassette, resulting in a colorless solution. After polymerization, 
the nanorods are stable against dialysis and remain in solution. 
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Figure 5.6. Dose-dependent viability of HT-29 cells exposed to increasing 
concentrations of p-CTAB-exchanged gold nanorods before (black line) and after (red 
line) polymerization. 
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5.5 Conclusions  
Gold nanorods of aspect ratio of ~4 (length 51±5 nm x width 13±3 nm) were 
synthesized using a surfactant-directed wet chemical method with a bilayer of CTAB on 
the surface. Surfactant exchange between the CTAB and its polymerizable version, p-
CTAB, can be achieved by simple electrostatic displacement and the extent of 
replacement in our experiments was quantified by mass spectrometry to yield 77±3% of 
p-CTAB in the bilayer. Using a cationic initiator, free radical polymerization can be 
employed to polymerize the surfactant molecules around the gold nanorods. 
Polymerization did not induce nanorod aggregation or change in the size or shape of 
the nanorods. Stability studies to assess the stability of gold nanorods against dialysis 
showed that gold nanorods with a polymerized bilayer are more stable to aggregation 
than nanorods before polymerization. The enhanced stability is explained by the 
decrease of surfactant desorption from the surface of the nanorods, as was shown for 
gold nanospheres in Chapter 4. Our results indicate that CTAB molecules on the bilayer 
system of the gold nanorods are exchangeable by similar surfactant molecules and this 
includes both layers in the bilayer. Moreover, the new polymerizable surfactant in the 
bilayer can be polymerized, resulting in more stable and biocompatible nanorod 
solutions.  
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CHAPTER 6 
CHOLESTEROL STABILIZES A SURFACTANT BILAYER ON GOLD NANORODS 
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6.2 Introduction  
Gold nanorods have unique optical properties making them suitable for promising 
biomedical and chemical applications such as drug delivery, photothermal therapy, 
chemical sensing and biological imaging.1-4 The most popular synthesis route of these 
nanorods is the seed-mediated wet chemical approach using cetyl trimethylammonium 
bromide, CTAB, as shape-directing agent.5 Gold nanorods are “born” with CTAB bilayer 
on their surface imparting them with a positive effective surface charge and thus 
providing a stabilization route via electrostatic repulsion.5-8 However, surfactant 
molecules in the bilayer are held by weak van der Waals forces and tend to desorb from 
the bilayer resulting in irreversible nanorod aggregation.9 In Chapters 3 and 5, we 
described two stabilization approaches: the electrostatic route through overcoating the 
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cationic bilayer with anionic polyelectrolyte, and the covalent route through the 
polymerization of surfactants in the bilayer.9-11 Both approaches were shown to enhance 
the stability of gold nanorods against aggregation and enhance the biocompatibility of 
these nanomaterials.9-10 In this Chapter, we describe a hydrophobic route using 
cholesterol as a CTAB bilayer stabilizer on gold nanorods. 
Eukaryotic cell membranes contain high level of cholesterol reaching 50% of the 
membrane total lipids.12,13 The presence of cholesterol  was linked to both functional 
and structural roles.14 Moreover, cholesterol is used as membrane stabilizer/modifier in 
synthetic cell membrane models, such as phospholipids assemblies (liposomes) and 
surfactant assemblies.15-17 The remarkable documented effect of cholesterol in both 
natural and synthetic membranes motivated us to investigated the stabilization effect of 
cholesterol in the CTAB bilayer on our gold nanorods. 
There are two ways to introduce cholesterol to the CTAB bilayer on gold 
nanorods: pre-synthesis and post-synthesis routes. The former route implies the use of 
cholesterol-rich CTAB solution to prepare gold nanorods. The later route relies on the 
ability of the CTAB bilayer to sequester hydrophobic molecules upon addition to gold 
nanorod solutions, as we have shown in Chapter 2.18 Applying both routes, we show in 
this Chapter that cholesterol enhances the stability of CTAB-capped gold nanorods 
against aggregation.   
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6.3 Experimental Section 
6.3.1 Materials. Chloroauric acid (HAuCl4 .3H2O, 99.9%), sodium borohydride (NaBH4, 
99%), silver nitrate (AgNO3, 99+%), ascorbic acid (99+%), and poly(acrylic acid, sodium 
salt) (PAA, MW ~15000 g/mole) were obtained from Aldrich and used as received. 
Cetyltrimethylammonium bromide (CTAB, 99%, Sigma Ultra), cholesterol (!99%), 17"-
estradiol (!98%), and cetyl alcohol (99%), were obtained from Sigma Chemicals and 
used as received. All gold nanoparticle solutions were prepared with 18 M! deionized 
water. Glassware was cleaned with aqua regia and rinsed thoroughly with 18 M! 
deionized water. Dialysis cassettes (slide-A-lyzer dialysis cassettes, cutoff MW=10,000 
Dalton) were purchased from Thermo Scientific.  
6.3.2 Instrumentation. Absorption spectra were taken on a CARY 500 Scan UV-Vis-
NIR spectrophotometer. Zeta potential and dynamic light scattering measurements were 
performed on a Brookhaven Zeta PALS instrument. Transmission electron microscopy 
(TEM) data were obtained with a JEOL 2100 Cryo transmission electron microscope 
operating at 200 kV. TEM grids were prepared by dropcasting 7.0 #L of the purified gold 
nanoparticle solution on the TEM grids and drying them in atmosphere. 
Gas chromatography quantification of cholesterol was performed on an Agilant 
6890 N coupled to 5975 inert XL mass selective detector with an internal adamantane 
standard. The GC/MS was equipped with a Gerstel multipurpose samples MPS2 
autosampler. The GC column was a RTX Crossband 30 m DB-5 with 0.25 mm internal 
diameter and 0.25 µm film thickness. Helium carrier gas flow was constant at 0.4 
mL/min. The temperature setting was as follows:  injection port at 250 °C, the MS Quad 
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at 150 °C, the MS source at 230 °C, and the transfer line at 280 °C. The oven 
temperature was initially 80 °C, increased to 200 °C at a rate of 40 °C /min, then 
increased to 300 °C at a rate of 20 °C/min, and held isothermally for 5 minutes for a 17 
min total injection time.  Selected ions for cholesterol (456, 368, 329 m/z) and the 
internal standard adamantane (136 m/z) were monitored. For GC/MS sample 
preparation, 900 µL of the aqueous cholesterol was withdrawn and placed in a 2 mL 
screwtop borosilicate vial. 900 µL of methylene chloride/adamantane were added and 
the mixture homogenized on a vortex mixer for 1 min. The organic layer was extracted 
and the cholesterol was derivatized by (N,O-bis(trimethylsilyl)trifluoroacetamide)), dried 
by N2, reconstituted in 900 µL of methylene chloride and analyzed by GC/MS. 
Standards were prepared injecting known quantities of cholesterol into aqueous 
samples and then analyzed by the same procedure. 
ESI-LC-MS quantification of CTAB was carried out in the positive ion mode on a 
Waters Micromass Quattro Premier XE LC triple quadrupole mass spectrometer 
equipped with a Waters Acquity UPCL system and an ES Industries Chromegabond 
WR C8 column (5 #m particles; 15 cm X 2.0 mm).  The solvent system consisted of a 
binary linear gradient using water and acetonitrile both containing 0.1% formic acid, at a 
200 uL/min flow rate.  The gradient began at 60% acetonitrile progressing to 90% 
acetonitrile over 30 min.  The electrospray needle voltage was held at 3000 V and the 
sample cone at 25 V.  Selected cations for CTAB (284 m/z) and the internal standard 
(332 m/z) were monitored.  Five points from 2 ppb to 250 ppb CTAB with each standard 
containing benzyldimethyltetradecylammonium internal standard was used for 
instrument calibration.  All samples were diluted in 100% methanol and placed in a 2 mL 
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glass autosampler vials prior to analysis. For ESI-LC-MS sample preparation, 100 µL of 
each aqueous CTAB sample was added in 900 µL internal standard in methanol and 
then placed in a 2 mL screwtop borosilicate vial.  Standards were prepared by injecting 
known quantities of CTAB into 100% methanol samples and analyzed by the same 
procedure.  
6.3.3 Gold Nanorods Synthesis in Presence of Cholesterol, Estradiol, or Cetyl 
Alcohol. Gold nanorods were synthesized as previously described with adding 
cholesterol, estradiol, or cetyl alcohol as the only modification.5 For cholesterol: to 
aqueous solution of 0.1 M CTAB, cholesterol was added to result in 1 to 20 mM 
cholesterol in 0.1 M CTAB solution. The CTAB/cholesterol solutions were sonicated for 
an hour at 50 oC and then filtered using 0.22 micron filters. Into a 200 mL conical flask, 
the following were added: CTAB/cholesterol solution (95 mL of 0.1 M CTAB/1-20 mM 
cholesterol stock solutions), silver nitrate solution (0.1-1 mL of a 10 mM stock solution), 
chloroauric acid (5 mL of a 10 mM stock solution). To this mixture, an aqueous solution 
of ascorbic acid (0.55 mL of a 0.1 M stock solution) was added with gentle mixing. 
Finally, the gold seed solution (0.12 mL) was added and the entire solution was mixed 
and left undisturbed overnight (14-16 hours). The colored gold nanorod solution was 
purified by centrifugation to remove excess reactants (twice at 14000 rpm, 3 min each). 
The gold seed solution was prepared by adding NaBH4 (600 #L, 10 mM in water at 0 
oC) to solution of HAuCl4 (2.5 x 10-4 M in 0.1 M CTAB) followed by vigorous stirring for 
10 min. For cetyl alcohol or estradiol, same procedure for cholesterol but instead of 
adding cholesterol to the CTAB solution, 17"-estardiol or cetyl alcohol was added 
respectively. 
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6.3.4 Gold Nanosphere Synthesis in Presence of Cholesterol. Gold nanospheres 
were synthesized using a previous protocol with adding cholesterol as the only 
modification.19 Briefly, 3.5 nm citrate-capped gold nanoparticle seeds were prepared by 
adding 0.6 mL of a freshly prepared 0.1 M NaBH4 solution to 20 mL of an aqueous 
solution of 250 #M HAuCl4 and 250 #M trisodium citrate. The red-colored seeds were 
used to synthesis larger CTAB-capped spherical gold nanoparticles according to the 
following protocol: 1.5 g CTAB and 0.15 g cholesterol were added to 50 mL DI water 
with continuous stirring. The CTAB/cholesterol solution was sonicated at 50 oC for one 
hour and then filtered using 0.22 micron filter. HAuCl4  (1.25 mL of 0.01 M) was added 
and to the resulting solution, ascorbic acid (0.285 mL of a 0.1 M stock solution) were 
added, followed by seeding the solution with 5.6 mL citrate capped seeds while mixing. 
The solution was kept under gentle mixing for two hours for complete growth of the 
nanoparticles. The resulting nanoparticles have an average diameter of 8 nm. To 
prepare 18 and 40 nm gold nanoparticles, the same procedure to prepare 8 nm 
nanoparticles was followed but instead of seeding with citrate capped seeds, 8 and 18 
nm gold nanoparticles were used as seeds respectively. 
6.3.5 Quantification of the Percent of CTAB and Cholesterol on the Surface of 
Gold Nanorods  
6.3.5.1 Capturing the Surface-Associated CTAB/cholesterol Molecules. After 
preparing gold nanorods in the presence of cholesterol, the solution was centrifuged to 
collect the gold nanorod pellet. The gold nanorod pellets were resuspended into 3.0 mL 
DI water. To capture surface-associated surfactant molecules and preserve the 
CTAB/cholesterol composition on the surface of gold nanorods, the gold nanorods 
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where immediately coated with poly(acrylic acid, sodium salt) (PAA, MW ~15000 
g/mole).11 This coating has been shown to retard surfactant desorption from the bilayer 
assembly on gold nanorods.9-11 Briefly, to each 1 mL gold nanorod solution, a PAA 
solution (200µL of a 10 mg/mL stock solution prepared in 1.0 mM aqueous NaCl) and a 
NaCl solution (100 µL of a 10 mM stock solution) were added simultaneously. The 
resulting mixture was stirred gently for 30 minutes to allow for complete polymer 
overcoating. To remove excess PAA after coating, the coated gold nanorod solution 
was centrifuged for 3 min at 14000 rpm. The pellet was re-suspended in DI water and 
the resulting gold nanorod solution were placed in a 3.0 mL cellulose membrane dialysis 
cassette (cutoff M.W. 10,000) against 4.0 L of DI water for 24 hours.  
6.3.5.2 Sample Preparation for LC-MS Analysis. After capturing the CTAB and 
cholesterol molecules on the surface of gold nanords by PAA-coating, followed by 
purification as detailed in the previous section, the purified gold nanorod solution was 
divided into two equal portions for the preparation of sample and control sets. The 
sample solution was prepared by dissolving the gold nanorod core with KCN (0.5 mL of 
a 10 mM KCN stock solution for each 1.0 mL aliquot of 0.5 nM gold nanorods). The 
control sample was prepared by centrifuging out the gold nanorods from the purified 
gold nanorod solution; the supernatant from this was withdrawn and received the same 
amount of KCN added to the sample vial. The CTAB and cholesterol content in both 
controls and samples were quantified using LC-MS (ESI) and GC/MS respectively as 
described in the instrumental section. 
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6.4 Results and Discussion 
Cholesterol is a major component in cell membranes and it is known to stabilize 
the phospholipid bilayer and have many other functions.12-17 The goal of this work is to 
incorporate cholesterol in the CTAB bilayer on gold nanorods, inspired by its 
resemblance to the cell membrane, and evaluate the stability of the bilayer in the 
presence of cholesterol (Figure 6.1). The wet chemical seed-mediated approach is 
effective to prepare gold nanorods with excellent control over shape and size. The wet 
chemical seed-mediated protocol implies the use of high concentration of CTAB in the 
growth media as the shape-directing surfactant, which form a bilayer on the surface of 
gold nanorods. As we mentioned in the Chapter 1, there are two routes to incorporate 
cholesterol in the CTAB bilayer: 1) pre-synthesis, 2) post-synthesis. Pre-synthesis 
incorporation of cholesterol includes dissolving cholesterol in the CTAB solution to form 
mixed micelles, which will be used as growth medium to prepare gold nanorods. While 
pre-synthesis route allows us to dissolve high level of cholesterol in the CTAB solution 
(solubility of cholesterol in aqueous CTAB solution is much higher than water), it has the 
risk to affect the quality of the prepared nanorods since the wet chemical seed-mediated 
approach is very sensitive to the experimental procedure and the presence of 
impurities.12-22 The second route, post-synthesis, relies on the ability of the CTAB 
bilayer on the gold nanorods surface to sequester hydrophobic molecules from the 
aqueous bulk as we showed in Chapter 2.  
Applying the pre-synthesis route, cholesterol was added to the CTAB solution 
and the Cholesterol-rich CTAB solution was used to prepare gold nanorods using the 
wet chemical seed-mediated procedure without any further modification. Surprisingly, 
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we were able to synthesis gold nanorods with excellent shape and size control in the 
presence of high concentration of cholesterol in the CTAB growth solution (1.0 mM 
Cholesterol). Figure 6.2 shows the UV-Vis spectra of different aspect ratio of gold 
nanorods prepared in the presence of cholesterol and their corresponding controls (no 
added cholesterol). The UV-Vis spectra for the prepared gold nanorods have the typical 
features (transverse and longitudinal plasmon peaks) similar to the controls.  
The excellent UV-Vis spectra of gold nanorods prepared in the presence of 
cholesterol agree very well with colors of the prepared gold nanorod solutions as shown 
in Figure 6.2 and with the electron transmission microscopy images as shown in Figure 
6.3. These results confirm the ability to synthesis gold nanorods with excellent shape 
and size control in the presence of high concentration of cholesterol.  
 To investigate the effect of cholesterol concentration on the properties of the 
prepared gold nanorods, we prepared gold nanorods in the presence of increasing 
cholesterol concentration up to 20 mM. Higher cholesterol levels where found to be fine 
and gold nanorods can be prepared with excellent shape and size control (Figure 6.4). 
These findings are remarkable since it is well known that the wet chemical seed-
mediated procedure for gold nanorod preparation is sensitive to any impurities or 
additives in the ppm range and these impurities could prevent the formation of nanorods 
resulting in spherical or irregular-shape nanoparticles.19-21 
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Figure 6.1. Cartoon demonstrates the presence of cholesterol in phospholipids bilayer 
in cell membrane (A), and in CTAB bilayer on gold nanorods (B). C) Chemical 
structures of CTAB and cholesterol molecules. 
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Figure 6.2. UV-Vis spectra (A) and photographs (B) of gold nanorod solutions of 
different aspect ratio prepared using 1.0 mM cholesterol in 0.1 M CTAB (solid lines in A) 
and their corresponding controls (dashed lines in A, no cholesterol).  
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Figure 6.3. Transmission electron micrographs of gold nanorods of increasing aspect ratio from left to right. Upper panel 
for gold nanorods prepared using 0.1 M CTAB. Lower panel for gold nanorods prepared using 1.0 mM cholesterol in 0.1 
M CTAB. All scale bars are 100 nm. 
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Figure 6.4. UV-Vis spectra of gold nanorod solutions prepared using cholesterol in 0.1 
M CTAB at different concentrations of cholesterol (1-20 mM). The aspect ratio of the 
control (no cholesterol) is 4.5, and the same recipe was used for all preparation except 
the cholesterol concentration. CHO in the caption means cholesterol. 
 
 
 
!"%$$
Cholesterol has a hydrophobic, rigid, and planar structure with a molecular length 
of about 1.6 nm. The chemical structure of cholesterol suggesting a strong interaction 
with alkyl chains of surfactant and lipids and induce a remarkable physical change of 
the bilayer properties such as density, fluidity, permeability, and mechanical 
properties.23-28 It is well accepted that the presence of cholesterol in lipid or surfactant 
bilayer induce the so-called condensation effect, and as a result, bridges the lipid 
molecules via hydrophobic interactions and increases the density of the lipid in the 
bilayer.24-27 The condensation effect was suggested as the origin of the enhanced 
bilayer stability in the presence of cholesterol as was demonstrated on systems such as 
liposomes, supported lipid bilayer, and mono/di-alkyl chain surfactant bilayer at the oil-
water interface.16-17,23-30. With that in mind, we compared the stability of CTAB bilayer on 
gold nanorods in absence and presence of cholesterol using two methods: 1) dialysis of 
the gold nanorod solution against DI Water (Figure 6.5); 2) repeatable centrifugation 
with subsequent suspending the nanorod pellet with fresh DI water until aggregation 
(Figure 6.6). Both methods rely on the fact that CTAB molecules tend to desorb from 
the bilayer upon dilution.9 We found that the presence of cholesterol enhances the gold 
nanorods stability against aggregation as judged by monitoring the red shift and 
broadening of the longitudinal plasmonic peak in the UV-Vis spectra of the gold 
nanorods as a simple and very sensitive indicator for aggregation (Figures 6.5 & 6.6).32  
In addition to the enhanced stability, we observed a concentration-dependent 
increase in the effective surface charge of gold nanorods prepared with 
CTAB/cholesterol mixture compared to those prepared with CTAB alone as measure by 
zeta potential analysis (Figure 6.7 & 6.8).  
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Figure 6.5. UV-Vis spectra of gold nanorod solutions before and after dialysis against 
DI water. Upper graph: Gold nanorods prepared using 1.0 mM cholesterol in 0.1 M 
CTAB (red line) and their controls (black line, no cholesterol) before dialysis. Lower 
graph: gold nanorods prepared using 1.0 mM cholesterol in 0.1 M CTAB (red line) and 
their controls (black line, no cholesterol) after 20 hrs dialysis against DI water.  
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Figure 6.6. UV-Vis spectra of gold nanorod solution prepared using 1.0 mM cholesterol in 0.1 M CTAB ( black lines) and 
their controls (red lines) as function of indicated number of centrifugations.  
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Figure 6.7. Effective surface charge (zeta potential) of gold nanorod solutions of 
different aspect ratio (AR), prepared using 1.0 mM cholesterol in 0.1 M CTAB (black 
bars) versus their corresponding controls (no cholesterol, white bars). 
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Figure 6.8. Effective surface charge (zeta potential) of gold nanorod solutions of aspect 
ratio 4.5, prepared using different cholesterol concentrations in 0.1 M CTAB.  
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To explain the higher zeta potential values for gold nanorods prepared in 
presence of cholesterol, we hypothesized that cholesterol molecules are present in the 
bilayer of CTAB and induce a (condensation effect) 24-28, resulting in increasing the total 
hydrophobic contacts as well as the surfactant density on the surface of the gold 
nanorods.25,26 Moreover, the condensation effect could explain the observed enhanced 
stability of the gold nanorods against aggregation. To test our hypothesis, we are 
planning to quantify both CTAB and cholesterol molecules on the surface of gold 
nanorods using mass spectrometric analysis. For a careful analysis, free CTAB or 
cholesterol molecules should be eliminated from the samples prior analysis. We found 
previously that simple purification by centrifugation is not enough to get rid of free 
molecules before aggregation of nanorods and thus we will use our recently reported 
“capture coat” techniques to capture the bilayer and its composition on the gold 
nanorods, Chapter 5.9b The mentioned technique is based on coating the gold nanorods 
with anionic polyelectrolytes to preserve the components of the bilayer followed by 
extensive dialysis to purify the sample without disrupting the bilayer or induce particle 
aggregation. The purified nanorods then will be digested with acid and the solution will 
be analyzed for both CTAB and cholesterol. Mass spectrometry analysis is still in 
progress at the time this dissertation was written. 
After demonstrating the ability to synthesize gold nanorods in the presence of 
cholesterol and the enhanced stability and zeta potential of the prepared gold nanorods, 
we investigated the effect of adding cholesterol to CTAB-capped gold nanorods and 
monitored the zeta potential. CTAB-capped gold nanorods were synthesized according 
to the wet chemical seed-mediated protocol (without any cholesterol) and the nanorods 
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were collected by centrifugation. The gold nanorod pellets were re-suspended using a 
CTAB-cholesterol solution (0.1 M CTAB, 1mM cholesterol) and left for 24 hours for the 
cholesterol to partition into the CTAB bilayer. Figure 6.9 shows enhanced zeta 
potentials of the gold nanorods re-suspended in CTAB/cholesterol solution compared to 
the nanorods re-suspended in CTAB solution alone. These results agree with our 
previous finding regarding the enhanced zeta potential of gold nanorods synthesized in 
presence of cholesterol. 
The ability to synthesis gold nanorods in the presence of cholesterol motivated 
us to try another steroid, 17!-estradiol, which is a sex hormone derived from 
cholesterol. Similar to its parent cholesterol structure, 17!-estradiol has three hexagonal 
rings and one pentagonal ring and differs in the substitution at C17 (17!-estradiol has a 
hydroxyl group, where cholesterol has alkyl chain) and the aromaticity of the A-ring, 
(Figure 6.10a). The goal in trying other steroid is to explore the feasibility of preparing 
gold nanorods in the presence of other hydrophobic molecules, which could be a route 
to incorporate drugs into the gold nanorods during synthesis. The addition of 1.0 mM of 
17!-estradiol to CTAB solution resulted in the formation of gold nanoparticle solution 
with abnormal UV-Vis spectra indicating the presence of many shapes: spheres, rods, 
and others (Figure 6.10b). More interestingly, zeta potential of the gold nanorods 
prepared in the presence of the 17!-estradiol was lower than the control, in a contrary 
to the effect of cholesterol (Figure 6.11). These results indicate that not any hydrophobic 
molecule is inert toward synthesis of gold nanorods as it was observed in the case of 
cholesterol. 
 
!"'$$
 
 
 
 
 
 
 
 
 
 
Figure 6.9. Effective surface charge (zeta potential) of gold nanorod solutions of aspect 
ratio 4.5 as function of post-synthesis cholesterol concentration. Gold nanorods were 
prepared using wet chemical seed-mediated method and purified by centrifugation. The 
pellets were re-suspended in either CTAB solution (cholesterol concentration=0) or in 
CTAB/cholesterol solution (cholesterol concentration = 20 mM). All solutions were left 
for 24 hours and purified before zeta potential measurements were taken. 
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Figure 6.10. A) Chemical structures of cholesterol and 17!-estradiol. B) UV-Vis spectra 
of gold nanorod solution prepared using 1.0 mM 17!-estradiol in 0.1 M CTAB (blue 
line); 1.0 mM cholesterol in 0.1 M CTAB (red line); and 0.1 M CTAB (black line, control). 
Note the abnormality in the spectra in the case of estradiol (broadening of both 
transverse and longitudinal plasmon peaks and the presence of new peak around 650 
nm). 
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Figure 6.11. Effective surface charge (zeta potential) of gold nanorod solutions of 
aspect ratio 4.5, prepared using 0.1 M CTAB (black bar, control), 1.0 mM 17!-estradiol 
in 0.1 M CTAB (blue bar), and 1.0 mM cholesterol in 0.1 M CTAB (red bar). 
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Cetyl alcohol is a known surfactant bilayer stabilizer and condensing agent.25 It 
was reported that the zeta potential of CTAB aqueous emulsions increases upon the 
addition of cetyl alcohol as bilayer condensing agent.25 With that in mind, we 
investigated the properties of gold nanorods prepared in the presence on cetyl alcohol 
as we did in the case of cholesterol. Similar to cholesterol, we were able to prepare gold 
nanorods with excellent UV-Vis spectra in the presence of high concentration of cetyl 
alcohol (30 m M). An increase in zeta potential was observed in the presence of cetyl 
alcohol, although the effect is significantly less than that of cholesterol  (Figure 6.12). 
The ability to synthesis other nanostructures, using the wet chemical seed-
mediated approach in the presence of cholesterol, was also demonstrated by preparing 
CTAB-capped gold nanospheres and CTAB-capped silver nanorods with excellent size 
and shape control. Moreover, the presence of cholesterol enhances the effective 
surface charge (zeta potential) of these nanoparticles, similar to gold nanorods results. 
For example, Figure 6.12a shows the similar UV-Vis spectra of gold nanospheres of 
three different sizes, prepared in the presence of 1mM cholesterol to the spectra of their 
corresponding controls. However, Figure 6.12b shows an enhanced zeta potential for all 
nanospheres prepared in the presence of cholesterol compared to their corresponding 
controls. The enhanced effective surface charge (zeta potential) for CTAB-capped 
nanospheres is in accord with our results for CTAB-capped nanorods. 
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Figure 6.12. UV-Vis spectra (A) and effective surface charge (B) of gold nanorod 
solutions of aspect ratio 4.5, prepared using of 0.1 M CTAB (black line and black bar) 
and 30 mM cetyl alcohol in 0.1 M CTAB (red line and red bar).  
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Figure 6.13. A) UV-Vis spectra of gold nanospheres (A) and effective surface charge (B) of different sizes prepared using 
0.1 M CTAB (black lines in A) and 1.0 mM cholesterol in 0.1 M CTAB (red lines in A).  
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6.5 Conclusions  
In conclusion, we demonstrated the ability to synthesis gold nanorods with 
excellent size and shape control in the presence of high levels of cholesterol. Gold 
nanorods synthesized in the presence of cholesterol showed enhanced stability against 
aggregation and increased effective surface charge (zeta potential). These effects were 
observed also when cholesterol was added to CTAB-capped gold nanorods (post-
synthesis addition). To explain the observed stability and surface charge 
enhancements, we hypothesize that cholesterol molecules in the CTAB bilayer increase 
the total hydrophobic interactions, induce surfactants condensation, and thus increase 
the density of the surfactants on the surface of gold nanorods. Our hypothesis is based 
on the documented condensation effect of cholesterol on lipids and surfactants bilayers 
in similar systems.24-28 To confirm our hypothesis on gold nanorods, mass spectrometry 
analysis is underway to quantify the CTAB on the surface of gold nanorods in the 
presence and absence of cholesterol and find out the ratio of cholesterol to CTAB in the 
bilayer. 
 The ability to synthesize excellent gold nanorods in the presence of hydrophobic 
molecules is not general, as poor or excellent preparation of gold nanorods is obtained 
using related compounds, estradiol or cholesterol respectively. Our finding provides a 
cholesterol-based stabilization route for surfactant bilayer on gold nanorods, which can 
be applicable to other nanoparticle systems that rely on the presence of surfactant 
bilayer as the source of stability.33-36  
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CHAPTER 7 
POLYELECTROLYTE COATING PROVIDES A FACILE ROUTE TO SUSPEND 
GOLD NANORODS IN POLAR ORGANIC SOLVENTS AND HYDROPHOBIC 
POLYMERS 
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7.2 Introduction 
Gold nanorods have unique optical properties and promising chemical and 
biological applications.1-4 The most common synthetic routes to gold nanorods are in 
aqueous solution, and the final nanorods bear a bilayer of the shape-directing surfactant 
cetyltrimethylammonium bromide (CTAB) on their surfaces.5-6 The CTAB bilayer 
provides surface charge that prevents particle aggregation in water. However, CTAB 
molecules tend to desorb in organic solvents resulting in nanoparticle aggregation.7-8 
The synthesis of gold nanorods directly in organic solvents is not yet reported, although 
there are methods to transfer gold nanorods into organic solvents that use surface 
modification with alkylthiols or surfactant-assisted phase transfer.9-12 However, these 
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approaches suffer from different limitations; modification with alkylthiols is difficult due to 
the need to displace surface-bound CTAB and can result in nanorod aggregation; 
moreover, the exact composition of the nanorod surface is generally unknown in these 
mixed systems. The use of phase transfer agents is limited to organic solvents that are 
immiscible with water. In this Chapter, we report the successful transfer of 
polyelectrolyte-coated gold nanorods into a wide range of polar organic solvents and the 
uniform incorporation of these nanoparticles in hydrophobic polymer matrices. Although 
layer-by-layer (LbL) coating with polyelectrolytes is well documented in the literature for 
a wide variety of nanoparticle systems, in order to flip the surface charge of colloids and 
to place reactive amines or acid groups toward the solvent,13-14 we have found no 
reports that discuss the dispersion of polyelectrolyte-coated nanoparticles in 
nonaqueous solvents. 
 
7.3 Experimental Section 
7.3.1 Materials. Chloroauric acid (HAuCl4.3H2O, 99.9%), sodium borohydride (NaBH4, 
99%), silver nitrate (AgNO3, 99+%), ascorbic acid (99+%), poly(allylamine 
hydrochloride), (PAH, MW ~ 15000 g/mol), poly(acrylic acid, sodium salt) (PAA, MW 
~15000 g/mol ), Poly(sodium 4-styrenesulfonate) (PSS, MW~ 70,000 g/mol), and 
Poly(methyl methacrylate) (PMMA, Average Mw ~ 120,000) were obtained from Aldrich 
and used as received. Cetyltrimethylammonium bromide (CTAB, 99%, Sigma Ultra) was 
obtained from Sigma Chemicals and used as received.  All solutions were prepared with 
18 M! deionized water.  Glassware was cleaned with aqua regia and rinsed thoroughly 
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with 18 M! deionized water. PDMS films were prepared using SYLGARD® 184 silicone 
elastomer kit. Norland Optical Adhesive 61 (NOA) was used as received. 
7.3.2 Instrumentations. Absorption spectra were taken on a CARY 500 Scan UV-Vis-
NIR spectrophotometer with either a standard 1 cm liquid cuvette for solution 
measurements or film attachment. Transmission electron microscopy (TEM) data for 
gold nanoparticles were obtained with a JEOL 2100 cryo electron microscope operating 
at 200 kV. TEM grids were prepared by dropcasting the purified gold nanorod solution 
(7 !L) on the holey carbon TEM grids and drying them in atmosphere. Zeta potential 
and dynamic light scattering measurements were performed on a Brookhaven Zeta 
PALS instrument (all measurements were corrected with respect to the viscosity of the 
solvent in which the gold nanorods were suspended).  A micro centrifuge (Eppendorf 
model 5418, Fisher-Thermo Electron) was used in gold nanorod synthesis and 
purification as detailed below. 
7.3.3 Gold Nanorods Synthesis. Gold nanorods were synthesized as previously 
described.15 Briefly, 5 mL of 10 mM HAuCl4 and (0.2-1.0 mL) of 10 mM AgNO3 (varying 
amounts of silver controls the aspect ratio of the rods) was added to 95 mL of 100 mM 
CTAB.  To this solution 550 !L of 10 mM ascorbic acid was added and gently swirled 
resulting in a color change from a dark orange to colorless.   After the color change, 120 
!L of CTAB-capped seed particles were added, swirled gently once, and let sit over 
night.  To synthesize the CTAB-capped seed particles, 9.75 mL of 100 mM CTAB and 
250 !L of 10 mM HAuCl4 were stirred vigorously followed by addition of 600 !L of ice 
cold 10 mM NaBH4.  This solution should was stirred for 2 minutes and then left to sit for 
a period of not less than 90 minutes before use. 
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7.3.4. Layer-by-Layer (LbL) Coating with Polyelectrolytes, and Transferring Gold 
Nanorods into Organic Solvents. In order to coat the CTAB capped particles with 
polyelectrolyte, it is necessary to first remove the excess CTAB and other reactants. To 
do this, 4 vials containing 25 mL of particles were spun down at 11,000 rpm for 20 min. 
The supernatant was removed and each pellet was resuspended in 25 mL DI water.  
Typically the centrifugation and resuspension was done twice to remove as much 
excess CTAB as possible.  After the particles have been purified they can be coated 
with the polyelectrolytes.  The polyelectrolyte coating procedure is applied to all 
polyelectrolytes used in this study.  To 1 mL of gold nanorods solution, (as synthesized, 
purified twice as described), 200 !L of a 10 mg/mL polyelectrolyte solution in 1 mM 
NaCl and 100 !L of 10 mM NaCl were added and shaken for 30 min. To remove excess 
polyelectrolytes, another centrifugation cycle of 11,000 rpm for 20 min was used to 
pellet the nanoparticles and remove the supernatant.  The leftover pellet was then 
resuspended in the polar organic solvent of choice.  To further remove residual water 
from the solution, a second centrifuge step and resuspension in the same solvent was 
performed.  
7.3.5. PDMS Polymer Nanorod Nanocomposites. 200 !L of PAA-coated rods, 
suspended in various solvents, were mixed with 1g of PDMS (1:10 weight ratio of curing 
agent/base). The mixture was poured into a Teflon mold with six circular wells (depth of 
1 mm and diameter of 19 mm), and then put under vacuum for a period of at least 30 
min to remove bubbles from the mixture and then placed into an oven at 70°C 
overnight.    
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7.3.6. PMMA Polymer Nanorod Nanocomposites. A solution containing 20 wt% 
PMMA in acetone was added to a solution of PAA-coated gold nanorods in acetone (1:1 
v/v ratio) and drop cast onto glass and then let dry leaving behind a PMMA film with 
encapsulated nanorods. 
7.3.7. NOA Polymer Nanorod Nanocomposites. PAA-capped nanorods that had been 
transferred into acetone were added to the NOA 61 base in a 1 to 9 PAA-coated 
nanorods in acetone to NOA volume ratio. The mixture was vortexed to ensure 
complete mixing and then drop cast onto the substrate of choice, typically glass or 
Teflon, and then cured using a homebuilt UV lamp for a period of at least 5 min (lamp 
power = 173 !Watt/cm2). 
 
7.4 Results and Discussion 
Transmission electron microscopy images of CTAB-capped gold nanorods, 
prepared using our wet chemical seed-mediated method, show excellent shape and 
size monodispersity (Figure 7.1). The prepared nanorods have a bilayer of CTAB on 
their surfaces imparting them with positive surface charge.15 CTAB-capped gold 
nanorods were purified and then overcoated with sodium polyacrylate (PAA, anionic 
polyelectrolyte). The stability of CTAB-capped and PAA-coated nanorods against 
aggregation in different polar organic solvents was compared using ultraviolet-visible 
(UV-Vis) spectroscopy and dynamic light scattering (DLS). Figure 7.2 illustrates the 
stability of PAA-coated gold nanorods compared to the original CTAB-capped gold 
nanorods in polar organic solvents.  The CTAB-capped gold nanorods spectra show 
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severe broadening and changes in the shape of the longitudinal plasmon band in 
organic solvents, indicating nanorod aggregation.16-17 However, PAA-coated gold 
nanorods in most polar organic solvents do not experience the same plasmon band 
broadening; spectral shapes are similar to the control spectrum in aqueous media, with 
slight red shifts and minimal broadening that corresponds to a change in refractive index 
of the solvents. 
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Figure 7.1. TEM images and the corresponding photographs of different aspect ratio of 
PAA-coated gold nanorods. All scale bars are 100 nm.  
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Figure 7.2. Schematic of CTAB-capped gold nanorods (left top) and PAA-coated gold nanorods (right top). UV-Vis 
spectra of CTAB-capped (left) and PAA-coated (right) gold nanorods, suspended in different solvents. A) water; B) 
dimethylsulfoxide, DMSO; C) acetonitrile; D) dimethylformamide, DMF; E) methanol; F) diethyleneglycol, DEG; G) 
ethanol; H) acetone; I) 1-propanol; J) tetrahydrofuran, THF. Aspect ratio = 4 with approximate concentration of 0.4 nM (in 
rods). 
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Dynamic light scattering measurements of gold nanorods in organic solvents 
agree with the UV-Vis spectra in Figure 7.2, and indicate that PAA-coated gold 
nanorods have increased stability against aggregation in most polar organic solvents 
compared to CTAB-capped gold nanorods (Figure 7.3). Values for hydrodynamic 
diameters in organic solvents (dorg) were corrected for the viscosity of the solvents (!water 
and !org for viscosity values in water and organic solvents at 20 oC respectively) using 
the measured values from DLS instrument (dmeasured) according to Equation 7.1, and 
normalized to the control value in water (dwater) in Figure 7.3 .18 
! 
dorg = dmeasured " #water
#org                                                             Equation 7.1 
 The position of the gold nanorod longitudinal plasmon peak (!max) depends on 
aspect ratio (length/width), plasmon coupling of the nanorods, and refractive index of 
the surrounding dielectric.16-17 Plots of !max against the refractive index of the solvents 
(nD) were linear with an R2 value of 0.97 (Figure 7.4), in good agreement with the limited 
previous literature from phase transfer methods10 or from dipping of immobilized gold 
nanorod chips into different solvents.19 
 The transfer of polyelectrolyte-coated gold nanorods to so many organic solvents 
is remarkable considering that the polyelectrolytes provide a highly charged surface 
upon coating. We believe that the polyelectrolyte-coating acts as both stabilizer and 
solubilizer for the gold nanorods in that it captures the CTAB bilayer and prevents its 
desorption into the organic bulk and at the same time provides surface charge, and thus 
stability against aggregation, via ionization in the polar organic solvents.20-21   
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Figure 7.3. Relative dynamic light scattering diameters, averaged over length and width, of aspect ratio 4, for PAA-coated 
nanorods (white bars) and CTAB-capped nanorods (black bars) in different polar organic solvents. 
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Figure 7.4. Peak maxima (!max) of the longitudinal plasmon band versus refractive 
index (nD) for PAA-coated nanorods in the solvents where no aggregation was 
observed. Aspect ratio of gold nanorods = 4. 
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To test the ability of the polyelectrolytes to dissociate in polar organic solvents, 
zeta potential measurements were measured for PAA-coated gold nanorods in water, 
methanol, and ethanol (we could not test all solutions due to incompatibilities with the 
DLS instrument). We found that the PAA-coated gold nanorods have negative effective 
surface charges in all the solvents in mV: water (-30.29 ± 1.07), methanol (-20.22 ± 
2.20), ethanol (-15.32 ± 1.6). The zeta potential values provide evidence that 
polyelectrolytes do in fact dissociate in polar organic solvents and qualitatively behave 
in a manner that is similar to aqueous solutions.20-21 Furthermore, our findings are in 
accord with the dispersibility of carbon nanotubes, in polar organic solvents, that have 
been reduced with alkali metals to form polyelectrolyte salts on the surface.21  
The successful transfer of PAA-coated gold nanorods into organic solvents 
motivated us to investigate other types of polyelectrolytes with different structure/charge 
properties by testing the stability of anionic PSS-coated and cationic PAH-coated gold 
nanorods in organic solvents (PSS: sodium polystyrene sulfonate; PAH: poly(allylamine 
hydrochloride). As summarized in Table 7.1, we found that all tested polyelectrolytes 
(PAA, PSS, and PAH) allow for enhanced stability in most of the tested solvents 
compared to the CTAB-capped nanorods (Figures 7.5 & 7.6). These results illustrate 
that the polyelectrolyte layer-by-layer coating of nanoparticles provides a generalized 
route for transfer of nanoparticles into polar organic solvents regardless of the 
structure/charge of the used polyelectrolyte, at least for the polyelectrolytes tested here. 
Experiments to understand the solvation, ionization, and other factors that contribute to 
the nanoparticle-polyelectrolyte-solvent interactions and promote stability are in 
progress.  
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Table 7.1. Stability against aggregation of CTAB-capped and polyelectrolyte-coated gold nanorods in various polar 
organic solvents. The stability was determined from a combination of UV-Vis spectroscopy and DLS results. (!) indicates 
stable against aggregation and (X) indicates aggregation. The chemical structures of the used surface coatings are 
shown. Dielectric constant values were obtained from reference 22. 
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Figure 7.5. UV-Vis spectra of PSS-coated gold nanorods in polar organic solvents. 
Note the similarity of the UV-Vis spectra in all the tested organic solvents to spectra of 
gold nanorods in water (control, black line), except for dioxane and THF, where 
aggregation occurred. The slight red shifts and minimal broadening in spectra of gold 
nanorods in all organic solvent except dioxane and THF corresponds to a change in 
refractive index of the solvents. 
 
 
 
 
!%&$$
 
 
Figure 7.6. UV-Vis spectra of PAH-coated gold nanorods in polar organic solvents. 
Note the similarity of the UV-Vis spectra in all the tested organic solvents to spectra of 
gold nanorods in water (control, black line), except for dioxane and THF, where 
aggregation occurred. The slight red shifts and minimal broadening in spectra of gold 
nanorods in all organic solvent except dioxane and THF corresponds to a change in 
refractive index of the solvents. 
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Nanoparticle-polymer mixtures (nanocomposites) are of interest for advanced 
applications that need improved mechanical, optical, or electrical properties of the 
composite material.23 Gold nanoparticles are excellent light absorbers/scatterers in the 
visible and near-infrared, which should open potential uses in applications such as 
plasmonic light concentrators, antennas, lenses, and resonators.24 However, many 
polymers are hydrophobic and thus the aqueous media is not ideal for preparing 
nanocomposites  with uniform dispersion of nanoparticles within the polymer matrix.25-28 
Using polyelectrolyte-coated gold nanorods in organic solvents, we demonstrate the 
uniform incorporation of gold nanorods into three types of polymers: 
polydimethylsiloxane (PDMS), a photocurable  polyurethane adhesive (Norland Optical 
Adhesive 61(NOA)), and poly(methyl methacrylate) (PMMA). Figure 7.7 shows UV-Vis 
spectra of different aspect ratios of PAA-coated gold nanorods embedded in PDMS 
films with similar spectral features of gold nanorods in solution, which support the 
uniform dispersion of the nanorods in the films. High quality PMMA and NOA films that 
show retention of gold nanorod spectral features were also fabricated from 
polyelectrolyte-coated gold nanorods in organic solvents (Figure 7.8).   
 In addition to being able to produce polymer-nanorod composites in a variety of 
hydrophobic polymers, we were also able to easily control the loading of gold nanorods 
into the polymer films. We were able to concentrate polyelectrolyte-coated gold 
nanorods in organic solvents to extremely high concentration (>50 nM in rods, 100x that 
in water) and use these concentrated solution to prepare thin composite films.  
!"#$$
 
 
 
 
 
 
 
 
 
  
 
Figure 7.7. UV-Vis spectra of gold nanorods with different aspect ratios in (a) DMF and (b) cured PDMS films. In both UV-
Vis spectra the curves correspond to the following aspect ratios: red=1, blue=2.3, green=3.2, and gold=4. (c) Photograph 
shows gold nanorod solutions of different aspect ratio in DMF and the corresponding PDMS films containing gold 
nanorods.
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Figure 7.8. UV-Vis spectra of cured NOA (A) and PMMA (B) films containing PAA-coated nanorods of varying aspect 
ratio. Photographs of NOA (C) and PMMA (D) films corresponding to UV-Vis spectra in (A) and (B) respectively.  The films 
have gold nanorods of varying aspect ratio of (1, 2.3, 3.2, and 4 corresponding to the wells from left to right.  
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For example, we have fabricated 200-micron-thick NOA films with an optical density of 
over 2 at the longitudinal plasmon band maximum, containing 0.02% gold nanorods by 
weight (Figure 7.9). Based on their extremely large extinction coefficients (~5 x 109 cm-
1M-1),29 gold nanorods provide high optical densities from low loadings in thin films. This 
result is important for possible applications in thin films devices such as solar cells, 
where thin films with high optical absorption is desired. 
 
7.5 Conclusions 
In conclusion, we have demonstrated that the ubiquitous layer-by-layer strategy 
of coating gold nanorods with polyelectrolytes allows coated nanoparticles to be 
uniformly suspended in both wide range of polar organic solvents and hydrophobic 
polymer films. This approach could be expanded to other nanoparticle systems since 
layer-by-layer polyelectrolyte coating of nanoparticles is used for many types of 
nanomaterials.13-14,25-28 We believe that this facile route for transferring nanoparticles 
into organic solvents from the aqueous phase will enable a wide variety of applications 
for these materials. 
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Figure 7.9. UV-Vis spectrum and photograph of extremely high optical density thin film 
of PAA-coated nanorods in cured NOA. Thickness of the film = 200µm, scale bar in the 
photograph=3 mm, gold loading percent = 0.02 % w/w. 
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